microorganisms

Review

Current Treatments to Control African Trypanosomiasis and
One Health Perspective

Alberto Venturelli I'*, Lorenzo Tagliazucchi
, Nuno Santarem 34*, Theodora Calogeropoulou 57, Anabela Cordeiro-da-Silva 34

George E. Magoulas 5f

and Maria Paola Costi 1'*

check for
updates

Citation: Venturelli, A.; Tagliazucchi,
L.; Lima, C.; Venuti, F.; Malpezzi, G.;
Magoulas, G.E.; Santarem, N.;
Calogeropoulou, T.;
Cordeiro-da-Silva, A.; Costi, M.P.
Current Treatments to Control
African Trypanosomiasis and One
Health Perspective. Microorganisms
2022, 10, 1298. https:/ /doi.org/
10.3390/ microorganisms10071298

Academic Editor: Maria Teresa

Gomez-Munoz

Received: 19 April 2022
Accepted: 20 June 2022
Published: 27 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2, 1,t

, Clara Lima 3**, Federica Venuti ', Giulia Malpezzi

Department of Life Sciences, University of Modena and Reggio Emilia, 41125 Modena, Italy;
alberto.venturelli@unimore.it (A.V.); lorenzo.tagliazucchi@unimore.it (L.T.);
federica.venuti93@gmail.com (E.V.); giulia.malpezzi@gmail.com (G.M.)

Doctorate School in Clinical and Experimental Medicine (CEM), University of Modena and Reggio Emilia,
41125 Modena, Italy

Host-Parasite Interactions Group, Institute of Research and Innovation in Health, University of Porto,
4099-002 Porto, Portugal; clara.lima@ibmc.up.pt (C.L.); santarem@ibmc.up.pt (N.S.);
cordeiro@ibme.up.pt (A.C.-d.-S.)

Department of Biological Sciences, Faculty of Pharmacy, University of Porto, 4099-002 Porto, Portugal
Institute of Chemical Biology, National Hellenic Research Foundation, 11635 Athens, Greece;
gmagoulas@eie.gr (G.E.M.); tcalog@eie.gr (T.C.)

*  Correspondence: mariapaola.costi@unimore.it

t  These authors contributed equally to the manuscript.

Abstract: Human African Trypanosomiasis (HAT, sleeping sickness) and Animal African Try-
panosomiasis (AAT) are neglected tropical diseases generally caused by the same etiological agent,
Trypanosoma brucei. Despite important advances in the reduction or disappearance of HAT cases,
AAT represents a risky reservoir of the infections. There is a strong need to control AAT, as is claimed
by the European Commission in a recent document on the reservation of antimicrobials for human
use. Control of AAT is considered part of the One Health approach established by the FAO program
against African Trypanosomiasis. Under the umbrella of the One Health concepts, in this work, by
analyzing the pharmacological properties of the therapeutic options against Trypanosoma brucei spp.,
we underline the need for clearer and more defined guidelines in the employment of drugs designed
for HAT and AAT. Essential requirements are addressed to meet the challenge of drug use and drug
resistance development. This approach shall avoid inter-species cross-resistance phenomena and
retain drugs therapeutic activity.

Keywords: human African trypanosomiasis; animal African trypanosomiasis; antitrypanosomal
drugs; drugs mechanism of action; one health approaches

1. Epidemiology of African Trypanosomiasis

Trypanosomiases are clinical infections caused by the hemoflagellate Trypanosome pro-
tozoan parasites, occurring as both veterinary and public health problems in sub-Saharan
countries. Two different epidemiological contexts meet at a zoonotic interface powered by
tsetse flies: Animal African Trypanosomiasis (AAT), with implications for both livestock
and wildlife, and Human African Trypanosomiasis (HAT), also known as “sleeping sick-
ness”. HAT is caused by the etiological agent Trypanosoma brucei (T. b.) gambiense, present
in Western and Central African countries, and the zoonotic T. b. rhodesiense, found in over
13 countries of Eastern and Southern Africa regions (Figure 1). AAT is caused by different
trypanosomes, including T. b. rhodesiense.
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Figure 1. The transmission cycle and distribution of HAT (A) caused by T. b. gambiense has humans
and domestic animals, especially pigs, as the main hosts. It is transmitted by the tsetse flies (Glossina
sp.) of G. palpalis group and is distributed in Western and Central Africa (A,B). HAT caused by
T. b. rhodesiense has wild animals and cattle as the main hosts. It is transmitted by G. morsitans
and is distributed in Eastern and Southern Africa (A,C) [1]. (D). The map shows the distribution
of the tsetse fly and cattle, AAT caused by T. congolense, and HAT caused by T. b. brucei. Each
area of interest is within a colored line or with colored content as reported in the legend. The
transmission between humans and animals causes a One Health problem (A,D). (Figure 1A,B were
adapted with permission from references [1]. Copyright year 2022, Elsevier under the license number
5314910954512, 23 May 2022).

1.1. Human African Trypanosomiasis

The risk of Trypanosomiasis and of an upsurge of sleeping sickness is strictly related to
impoverishment, migration, draught, armed conflicts, deforestation, and forcing exposure
of humans and livestock to tsetse flies (Glossina sp.) in tsetse-inhabited areas. On the other
hand, socio-economic instability, and geopolitical disputes compromise the fragile disease
surveillance systems [2]. Currently, the emergency of HAT in sub-Saharan Africa is expos-
ing 60 million people to the risk of infection. At the turn of the century, sleeping sickness
reached epidemic proportions in Angola, the Democratic Republic of Congo, Uganda,
and Sudan, and its prevalence has increased in Cameroon, Congo, Cote d’Ivoire, Central
African Republic, Guinea, Mozambique, Tanzania, and Chad [3]. Notwithstanding, since
2000, when the Pan-Africa Tsetse and Trypanosomiasis Eradication Campaign (PATTEC)
was endorsed, and WHO launched an initiative to reinforce the control and surveillance of
HAT in 2001, the burden of T. b. gambiense-induced human chronic illness in Western and
Central African fell by 98% (from 27,862 in 1998 to 565 in 2022) and the number of newly
reported cases of the acute form HAT caused by T. b. rhodesiense fell by 84% (from 619 to
98) [4]. However, the disease remains sporadically observed in both local populations and
travelers [4].

Humans represent the most important reservoirs of T. b. gambiense, while zoonotic
T. b. rhodesiense is hosted by a wide range of domestic and wildlife species, including
ungulates from Bovinae (e.g., African buffalo, Syncerus caffer) and Suidae subfamilies (e.g.,
warthog, Phacocoerus africanus), wild major carnivores (e.g., Panthera leo), and equids (e.g.,
bushbucks, Tragelaphus scriptus; impala, Aepyceros melampus; zebra, Equus quagga boehma;
duiker; Sylvicapra grimmia). The presence of an animal reservoir of T. b. rhodesiense in regions
where tsetse flies have been spreading uncontrolledly justifies the long-term endemicity of
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the most grandstanding HAT foci [5]. Nevertheless, human—animal proximity increases
the risk of spill over and crossing species barriers, allowing the interchange of Trypanosoma
spp. between animals and humans.

1.2. Animal African Trypanosomiasis

In 1898, Bruce identified T. brucei in cattle and later, in 1909, identified tsetse flies as the
trypanosome transmitting vector [6]. Since then, several pathogenic Trypanosoma spp., have
been associated with diseases of veterinary and public health impact generically known as
Animal Trypanosomiasis (AT). In South America, AT is caused by zoonotic T. cruzi, T. vivax
and T. b. evansi (agent of “surra”). In Asia, AT is caused by T. evansi [7]. African Animal
Trypanosomiasis (also known as “nagana”) is endemic in at least 37 African countries. It
is caused by a wider range of Trypanosoma spp., including T. vivax (domestic and wild
ruminants, horses), T. congolense (in most domestic and many wild animals), T. simiae
(domestic and wild pigs), T. b. brucei (ungulates, dogs, cats, camels), T. equiperdum (equines),
and T. b. evansi (camels, equines) [5,8]. Since indigenous African animal breeds have
co-evolved with Trypanosome spp., the impact of trypanosome infection in wildlife animals
and autochthonous African livestock breeds (e.g., N'dama cattle, Djallonke sheep and West
African Dwarf goats) is balanced by trypanotolerance, the immune tolerance mechanism
against Trypanosome spp. infection. The trypanotolerance has likely developed in response
to natural selection pressures, which confer the capacity of infected animals to control
parasite replication and limit their pathological effects, while trypanosomes preserve their
ability to evade the host immune mechanisms [5,8]. Despite the lack of homogenous data
and many difficulties in AAT detection and disease monitoring within the African regions,
when available, current AAT and respective infecting species distribution maps suggest
that these occur within the same areas where HAT is endemic, thus supporting the concept
of AAT as a reservoir of HAT (Figure 1).

2. The Disease
2.1. The Human Disease

T. b. gambiense is responsible for a gradually progressive disease, accounting for
85% of reported cases of HAT in 2020. T. b. rhodesiense causes an acute fast-progressing
form of sleeping sickness, representing 15% of reported cases [9,10]. Significantly, under-
reporting and sub-notification together undermine the case report system of the World
Health Organization (WHO) Global Health Observatory [11].

Humans living in HAT endemic areas have developed protective immune mechanisms
against certain Trypanosome spp. otherwise pathogenic for animals (e.g., T. b. brucei). These
include serum-specific trypanolytic factors, such as proteins responsible for determining
the lysis of the parasite outer membranes. However, the two sub-species infecting humans,
T. b. gambiense and T. b. rhodesiense, have evolved mechanisms to overcome these lytic
resistance factors, making T. b.-infected hosts susceptible to disease. Noteworthy, the surface
membrane of trypanosome parasites is coated with immunodominant variant surface
glycoproteins (VSGs) [9,12]. During mammalian host infection, VSGs are recognized by
the host’s immune system that upon production of antibodies, can neutralize and clear
certain trypanosome species. Therefore, during infection, a constant low-frequency gene
conversion process occurs switching VSG genes, resulting in a continuous process of
antigenic variation. This enables the pathogenic trypanosomes to constantly evade the
host’s immune responses, which would otherwise destroy the parasite. This phenomenon
of antigenic variation is exacerbated by intraspecies variations in VSG genes and explains
why vaccination against the trypanosome infection has so far been unachievable [12].

Complex host—parasite interaction mechanisms evolved to a clinical presentation of
disease that comprises two stages, classically described as: (i) an initial hemolymphatic
stage, characterized by parasite multiplication and dissemination from the blood and
lymphatic system to the spleen, liver, heart, endocrine organs, and ophthalmic bulbs. No
pathognomonic signs of HAT can be observed at this stage, except for Winterbottom’s
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sign, a posterior cervical region lymphadenopathy associated with T. b. gambiense infection.
Intermittent fever, weakness, arthralgia, lymphadenopathy, pruritus, headache, lassitude,
hemolytic anemia, hepatomegaly, and pericardial and myocardial involvement are more
often described. Symptoms may be preceded by the development of a primary skin le-
sion detected at the site of T. b. rhodesiense inoculation (rarely found in T. b. gambiense
infection) [13]. (ii) The second stage of disease starts with meningoencephalitis produced
by the invasion of trypanosomes across the blood-brain barrier (BBB), affecting the central
nervous system (CNS) and producing neurological signs, including: headache, myelopa-
thy, myositis, cerebellar ataxia, tremors, and characteristic sleeping disorders (daytime
somnolence, nocturnal insomnia, and sudden urges to sleep) [13]. Severity of clinical
signs and speed of progression is linked to the parasite’s genetic variability and worsen
for T. b. rhodesiense, for whom compartmentalized geographical distribution has produced
genetically distinct parasite variants associated with disease features. However, most signs
and symptoms are common to both stages, making it difficult to distinguish the two by clin-
ical features alone [9]. If untreated, the patient will deteriorate with progressive impairment
of consciousness, incontinence, seizures, and eventually death in most cases [13].

The development of acute or chronic disease depends on the infecting T. brucei sub-
species, host response, and disease stage. Acute symptoms occur in T. b. rhodesiense
infection, progressing to the second disease stage within a few weeks, and death may occur
within 6 months. Chronic progressive disease is caused by T. b. gambiense infection, where
sleeping sickness has a mean duration estimated at three years [14].

2.2. The Animal Diseases

The impact of AAT in livestock depends on the pathogenicity of the infecting Try-
panosome sp. and the targeted animal species and breed. Overall, AAT may result in a
chronic progressive disease manifested by weakness, inappetence, and dehydration, result-
ing in weight loss, lymphadenopathy, hemolytic anemia, leukopenia, thrombocytopenia,
and potentially death. Degenerative and inflammatory lesions are observed in most organs
during the later stage of the infection [5]. Particularly, acute hemorrhagic syndrome, besides
lymphadenopathy and anemia, has been associated with T. vivax infection in cattle and
horses. Pigs infected with T. simiae may suffer from neurological signs, besides anemia
and weight loss. The most pathogenic trypanosome for livestock is T. congolense, which
contributes to high morbidity and mortality rates among cattle. The risk of contagion is
higher among people and communities living in the husbandry-wildlife boundaries [9]. If
domestic cattle are infected, then they will be unusable for food and milk production, with
significant socio-economic consequences [9]. Reduced productivity has been estimated to
occur in over 150 million cattle and 260 million sheep and goats, which makes AAT respon-
sible for direct and indirect agricultural production losses in Africa [10]. Approximately
35 million doses of trypanocidal drugs are administered annually. The annual losses in
terms of cattle production alone exceed USD 1 billion, while the total direct and indirect
economic losses in terms of agricultural Gross Domestic Product (GDP) are estimated at
over USD 4 billion per year (https://www.fao.org/3/ca3887en/ca3887en.pdf, accessed on
12 April 2022).

3. Current Treatments and Therapeutic Challenges for HAT

The weak worldwide interest for the development of new therapeutic options for the
management of HAT led to the classification of Trypanosomiasis as a Neglected Zoonotic
Disease (NZD) by the U.S. Department of Health and Human Services through the Centers
for Disease Control and Prevention (CDC) and the WHO [15]. Moreover, since African Try-
panosomiasis affects both animals and humans, and the therapeutic resources available for
treatment are limited, the European Medicine Agency (EMA) anticipates that compounds
from the same classes may be used to treat animals and humans [16]. The same document,
however, suggests that a careful evaluation of drug resistance cases, if occurring, should
lead to reservation of drugs for the exclusive treatment of HAT. Drugs approved for treating
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HAT are depicted in Table 1, and their targets represented in Figure 2. Both pentamidine
and suramin are used during the first (hemolymphatic) stage. Melarsoprol and eflornithine
are recommended for the second stage, since this involves neuro-migration of the para-
sites to the CNS. The major challenges associated with the available drugs include poor
oral bioavailability (often intramuscular, IM, or intravenous, 1V), toxicity, lack of efficacy,
prolonged treatment leading to non-compliance, and sometimes, high costs [5,17].

Table 1. Drugs in current treatment for Human African Trypanosomiasis (HAT).

Approved Drugs for HAT

Species Dose

NH
“Q
/\/\/\
O

Pentamidine

NH
[©]

T. b. gambiense 4 mg/kg/day IM x 10 days

O~ 'NH SO Na 803

—g ‘q “SO; + 058 g

SO; Na Na Na'

Suramin sulphate

O T. b. gambiense

SOa Na

Test dose of 4-5 mg/kg (day 1), then
20 mg/kg, weekly
x5 weeks (maximal dose/injection: 1 g)

T. b. rhodesiense

2.2 mg/kg/day x 10 days, usually

T b. thodesiense accompanied by prednisolonel mg/kg/day

Melarsoprol
o)
o H,N
NN / o\ N* H,N C L
O=s \/K e} Nifurtimox: 15 mg/kg 24 h, 3 dose x 10 days
o P T. b. gambiense Eflornithine: 400 mg/kg/day 2-h
Nifurtimox Eflornithine

infusion x 7 days

NECT (Nifurtimox/Eflornithine)

Fexinidazole

For patients 20-35 kg; 1200 mg/day x 4 days
and then 600 mg/day x 6 days

For patients > 35 kg; 1800 mg/day x 4 days
and then 1200 mg/day x 6 days

T. b. gambiense

3.1. Pentamidine and Suramin

Pentamidine (Table 1) is a diamidine bearing two positive charges at physiological pH.
For early-stage infections caused by T. b. gambiense, drug therapy consists of IM (preferable)
or IV pentamidine. Pentamidine, which can also be administered as second-line treatment
of T. b. rhodesiense, has reported side effects that include hypotension, abnormalities of
glucose metabolism, renal dysfunction, and gastro-intestinal symptoms [10,18]. The pre-
cise mechanism of action of pentamidine has not been determined. The drug enters the
trypanosome using aquaglyceroporin 2 (TbAQP2) (see Figure 2 and references therein).
Additional transporters involved are high affinity pentamidine transporters (HAPT1) and
low affinity pentamidine transporters (LAPT1) encoded by TbAQP2 and TbAQP3, respec-
tively. It is known that pentamidine interacts with trypanosomal kinetoplast DNA (kDNA),
polyamine synthesis by decreasing the activity of ornithine, inhibition of RNA polymerase
synthesis, and the synthesis of nucleic acid and proteins [19] (Figure 2). Pentamidine gener-
ates a cross-link between two adenines at 4-5 pairs apart in adenine-thymine-rich portions
of Trypanosoma DNA. It also suppresses type Il topoisomerase in the mitochondria of the
parasites, culminating in a mitochondrial genome that is fragmented and unreadable [20].
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Pentamidine is less toxic than suramin and is preferred against T. b. gambiense, whereas
suramin is generally used against first-stage T. b. rhodesiense infections. Pentamidine resis-
tance is associated with deletion, mutation, and rearrangements of the transporters. These
transporters are also shared with melarsoprol. The drug resistance mechanism is selective
and shows high levels of melarsoprol-pentamidine cross-resistance (MPXR) [21].

Suramin (Table 1) is one of the first anti-infective agents developed in medicinal
chemistry programs and is still being used for the first hemolymphatic stage of infec-
tion (test dose 4-5 mg/kg body weight followed by 5 weekly doses of 20 mg/kg (<1 g)
injected intravenously) [22,23]. Suramin sodium is a symmetric polyanionic sulfonated
naphthylamine drug. It is likely to bind and inhibit various proteins. Thus, the many
and different potential applications of suramin reflect its polypharmacology. Suramin
enters the trypanosome through the endocytic pathway invariant surface glycoprotein
ISG75 and a lysosome-based major facilitator superfamily (MSFT) (see Figure 2 and refer-
ences therein). Suramin can inhibit numerous enzymes, namely T. b. glycolytic enzymes
(hexokinase, aldolase, phosphoglycerate kinase, glycerol-3-phosphate dehydrogenase).
The glycolytic enzymes are inside the glycosomes of the parasite, and it is still unclear
how suramin could penetrate the membrane or if it could bind to glycolytic enzymes in
the cytosol before their entrance in the glycosomes [24]. Alternative targets proposed for
the trypanocidal effect of suramin are glycerophosphate oxidase, a serine oligopeptidase
termed OP-Tb, the RNA-editing ligase REL1 of the trypanosome’s kinetoplast. It is unclear
how suramin can cross the inner mitochondrial membrane; however, it was demonstrated
that it is also able to inhibit oxidative phosphorylation in mitochondrial preparations of
the trypanosomatid Crithidia fasciculata [25], supporting its capacity to cross the mitochon-
drial membrane. It inhibits cytokinesis in T. b., as indicated by the finding that suramin
treatment resulted in an increased number of trypanosomes with two nuclei. Treatment for
the early stage of T. b. rhodesiense is with intravenous suramin (which can also be given as
second-line treatment of T. b. gambiense), and, though effective, has the potential side effects
of mild renal dysfunction, peripheral neuropathy, anaphylactic reactions, and bone marrow
toxicity [18,25]. Drug resistance is associated with loss of functions of the internalization
transporters [26].

3.2. Melarsoprol

Melarsoprol (Table 1) is a melaminophenyl arsenical derivative. To be effective in the
second stage of the disease, antitrypanosomal drugs must cross the BBB. Pentamidine and
suramin are not able to cross the BBB; therefore, they are only effective at reducing parasite
infection during the first stage of disease, while the parasitemia is limited to the blood and
lymphatic system. The treatment of late-stage T. b. rhodesiense is restricted to intravenous
administration of melarsoprol. The drug administration is painful and extremely toxic. It
shows a fatality rate of about 5-9% associated with a post-treatment reactive encephalopa-
thy (PTRE) which is sometimes lethal. Peripheral neuropathy, skin rashes, cardiotoxicity,
and agranulocytosis are among other side effects [27-29]. The current recommended dose
is 2.2 mg/kg daily for 10 days, administered slowly by intravenous route, and is usually
accompanied by prednisolone 1 mg/kg daily, orally. The mechanisms of action of melar-
soprol and its drug resistance are complex. Melarsoprol is a prodrug, and it is converted
into active melarsen oxide (Mel Ox). The activated form irreversibly binds the enzyme
pyruvate kinase (PK) which is involved in the parasite’s aerobic metabolism of glucose.
The PK inhibition by Mel Ox leads to alteration of the trypanosome ATP metabolism. In ad-
dition, Mel Ox interacts with trypanothione to generate the melarsen oxide-trypanothione
complex (Mel T) and interacts with the spermidine—glutathione adduct that in the parasite
replaces glutathione present in the human host. The melarsoprol metabolite reaches the
cerebrospinal fluid, and concentrates in the trypanosomes, killing them. Unfortunately,
melarsen and its metabolite interact with both the parasite and human proteins, thus
explaining the observed adverse effect. Parasite resistance to melarsoprol has been asso-
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ciated with adenosine transporters, essential for melarsoprol transport into the parasite
cytoplasm [30].

3.3. Eflornithine and NECT (Nifurtimox—Eflornithine Combination Therapy)

Eflornithine (Table 1) is an aliphatic carboxylic acid, (RS)-2,5-diamino-2-(difluoromethyl)
pentanoic acid. It is prescribed for the treatment of the second stage of sleeping sickness
associated with T. b. gambiense. The lower toxicity of eflornithine to the host with respect to
melarsoprol has led to its use as the first-line treatment for HAT [31]. Melarsoprol is now
second-line therapy for this variant. Eflornithine is effective in both the hemolymphatic
CNS stages of West African Trypanosomiasis, and the second stage of T. b. gambiense
infections, but less active against T. b. rhodesiense. The drug generates a dramatic reduction
in symptoms and rapid clearing of parasites from blood and cerebrospinal fluid. For adults,
the recommended dosage is 400 mg/kg per day in four divided doses for 14 days, and for
children is 500 to 600 mg/kg per day on the same schedule. Eflornithine is an irreversible
inhibitor of ornithine decarboxylase (ODC), which catalyzes the conversion of ornithine to
putrescin and other polyamines that are important in cell division and differentiation [32].
The catalytic rate is high for the human enzymes with respect to the T. b. enzyme, showing
rapid compound degradation. Therefore, its selectivity is based on the slower reaction
in T. b. that induces a higher toxicity for the parasite. Its interference with polyamine
synthesis impairs the parasite’s ability to maintain its redox state and neutralize reactive
oxygen intermediates [32]. Eflornithine can be administered PO or IV and is well tolerated.
Although it may also be administered alone as monotherapy, it is most commonly used in
combination therapy with nifurtimox, the so-called NECT (nifurtimox-eflornithine combi-
nation therapy). Eflornithine monotherapy against T. b. gambiense is more toxic and less
tolerated than NECT. NECT is less toxic than melarsoprol and is equally or more effective,
and for several years it has been the initial therapy for T. b. gambiense. However, NECT is
not effective against T. b. rhodesiense [33].

3.4. Nifurtimox (NFX)

Nifurtimox (NFX) (Table 1) belongs to the nitrofuran derivatives. It has been used
against T. cruzi, which is the etiological agent of American Trypanosomiasis or Chagas
disease. The drug lacks efficacy against T. b. when used as a single agent, therefore it is used
in the treatment of the second stage of HAT as part of the NECT combination therapy. NECT
is administer easier than NFX alone, and it reduces the eflornithine dosing regimen by 50%.
NEX causes oxidative stress to the parasite [31]. It enters the trypanosome through the P2
transporter [34,35] (Figure 2). Its mechanism of action is based on cellular damage caused
by a radical nitro anion derivative which is generated into a reduction cycle responsible
for the formation of the superoxide anion and its reduction to the corresponding amine
derivative. The selectivity of NFX for the parasite could be related to the presence of a nitro
reductase (NTR) type I enzyme which is present in the parasite but not in mammals. This
target selectivity could also be responsible for the lower side effects observed in mammals
with respect to other drugs.

3.5. Fexinidazole

Fexinidazole (Table 1), a 5-nitroimidazole derivative bearing a methylthio function
(SCH3), is the first all-oral treatment for HAT caused by T.b. gambiense, and it is safe and
effective against both stages of the disease [36]. Due to its oral administration, it offers
a series of advantages compared to NECT. Fexinidazole eliminates the need for IV drug
treatment which requires skilled healthcare personnel and hospitalization. This in turn
reduces the likelihood of infection, in addition to the overall drug burden that is imposed
by eflornithine treatment [37].

Fexinidazole was developed as part of an innovative partnership between the Drugs
for Neglected Diseases initiative (DND4), the National Sleeping Sickness Programs of the
Democratic Republic of Congo (DRC) and Central African Republic (CAR), and Sanofi.
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DNDi conducted a pivotal trial, which was a phase II and IIl randomized, non-inferiority
trial (NCT01685827) that indicated that fexinidazole was both effective and safe in patients
with late stage 2 HAT [36]. A subsequent prospective, multicenter, open-label, cohort
study (NCT02169557) showed that fexinidazole is effective in patients with stage 1 or early
stage 2 HAT [38]. Following the positive scientific opinion, granted in November 2018
by the European Medicines Agency, the drug was approved by the US Food and Drug
Administration (FDA) on July 2021 as a first all-oral treatment for HAT.

In detail, fexinidazole was initially discovered back in the 1980s by Hoechst AG (now
Sanofi) and was reclaimed following the joint effort of DNDi and the Swiss Tropical and
Public Health Institute for the identification of new antitrypanosomal agents. In 2009, this
molecule entered in phase I clinical trials [37-39] and moved to phase II and phase III trials
in 2012 and 2017, respectively. A phase III trial evaluating fexinidazole in patients aged
>6 years with Gambiense HAT of any stage treated either as inpatients or outpatients and
including pregnant or lactating patients (NCT03025789) was initiated in November 2016
and was completed in March 2020. Finally, when the drug is administered properly, it is
considered equipotent to pentamidine in the first stage of HAT and accordingly to NECT in
the second stage. Currently, DNDi is the leading organization for the full access of patients
to the drug and supports the corresponding pharmacovigilance study.

Both nitro and SCH3 groups of fexinidazole are susceptible to metabolic reactions. The
latter generate reactive amine species which are toxic and mutagenic to trypanosomes when
interacting with electron chain transport [31]. Fexinidazole is active against T. b. gambiense
and various other T. b. subspecies (including T. b. rhodesiense and T. b. brucei) in vitro and
has demonstrated curative capacity in murine models of these trypanosomal infections,
including acute infections with T. b. gambiense or T. b. rhodesiense and chronic infections with
T. b. brucei [40]. In vitro studies carried out in T. b. gambiense have shown that fexinidazole
and its two major metabolites, a sulfoxide (SOCH3, M1) and a sulfone (SO,CHj3, M2), are
responsible for its antitrypanosomal effects. Thus, it has been proposed that trypanosomes
encode bacterial-like NTR that reduce fexinidazole and its M1/M2 derivatives to generate
reactive metabolites that can induce kDNA damage to the trypanosome genome and its
proteins [40] (Figure 3).
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Figure 2. Drugs used to treat HAT and their mechanisms of action are illustrated. The different
targets and transporters have been reported [41-47]. Created with Biorender.com, agreement number
PT23Y61FRT 22 May 2022.

4. Current Treatments and Therapeutic Challenges for AAT

The World Health Organization (WHO) had set a target to eliminate HAT as a public
health problem by 2020 [46]. However, this target has not been met due in part to the
evolving epidemiological pattern of the disease, thus calling into question the fact that
the Rhodesian form is zoonotic while humans are the main reservoirs for the Gambian
form [47]. There has been slow progress in clinical isolates for HAT gambiense and HAT
rhodesiense [48]. This situation is geographically specific (for African countries) and not
widespread, demonstrating challenges to achieving the 2030 target. Domestic livestock
infection with Trypanosome spp., namely small ruminants, is seldom screened in several
developing countries, allowing these animals to continue acting as sources of sporadic
infections in humans [5], raising the need to revise the current disease control strategy.
In addition, the narrow chemotherapeutic spectrum available for AAT control will con-
tinue to undermine WHO control targets for HAT unless policy promotes innovations
in the pharmaceutical industry. Trypanocidal drug applicability in the veterinary field
ranges from prophylaxis to treatment of infected animals. Prophylactic administrations
allow reducing the risk of infection in areas of intense tsetse activity and high risk of
transmission, or when infected animals cannot be reached. This is the case in pastures
inaccessible during monsoons, transhumant herds, or when livestock is on the move for
trade in distant markets and forced to cross tsetse belts [49]. The treatment options (Table 2)
include diminazene aceturate, isomethamidium chloride, and ethidium bromide (homid-
ium salts), and accounted for 33%, 40%, and 26% of the veterinary prescriptions for AAT
treatment [6,16]. However, diminazene and isometamidium are unable to penetrate the
BBB, therefore are unsuccessful in the management of T. b.-related AAT. Suramin, the first
line of treatment for HAT caused by T. b. rhodesiense, has been mainly used against T. evansi
in camels and horses, but also in cases refractory to treatment [49]. Good prescription
practices, also for chemoprophylaxis, include the application of curative trypanocides on
sick animals alone and not for treatment of herds in blocks, as sub-therapeutic levels of
these drugs contribute to the development of resistant parasite strains [49]. Systematic
data on quantities and frequency of administration of trypanocides by sub-Saharan stake-
holders in AAT management are missing as a consequence of the lack of surveillance in
this topic. This challenges the quantification of the potential impact of treatment failure
and drug resistance. To aggravate this scenario, it has been estimated that over 50% of
the decisions regarding whether to treat AAT are often made by farmers. Trypanocides
are being applied on animals based on unspecific health indicators and biased choices for
drug selection. In the absence of veterinary consultancy towards a correct diagnosis and
prescription, farmers purchase drugs directly from pharmacies and markets, operating
without veterinary oversight, and consequently funding the proliferation of uncontrolled
drug manufacturers and distributors. Unsupported clinical decisions often lead to the
misuse and abuse of these drugs, namely the application of diminazene aceturate for
Trypanosomiasis prevention when this drug lacks prophylactic capability or application
of sub-optimal therapeutic dosages by inappropriate administration routes [50]. Ideally,
identification of drug-resistant parasite strains would be performed by in vitro systems
for parasite isolation and expansion from clinical isolation, followed by drug sensitivity
assays. However, technical limitations have been found with T. congolense, T. vivax, and
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T. evansi (type B) testing in vitro due to difficulties in parasite isolation from clinical sam-
ples and consequent expansion in culture. To overcome these limitations, drug sensitivity
can be assessed by parasitological ex vivo or in vivo assays. Ex vivo assays use blood
from infected animals to perform short-time cultivation to evaluate the activity of selected
drugs. Considering the short span of the parasite survival, radioactive incorporation of
reporter molecules such as hypoxanthine is a useful technique to obtain an early readout of
antiparasitic activity [51]. In vivo testing through inoculation of ruminants (reared in ex-
perimental settings) with blood collected from naturally infected animals can also be used.
Animals are treated with a specific trypanocide drug and monitored for cure over a period
of 100 days. Nevertheless, this approach is costly and difficult to manage, and it is unable
to reflect field settings. Alternatively, mice can be inoculated with blood collected from
a naturally infected animal and used for in vivo assays of drug availability and parasite
resistance. Drawbacks of this method are related to the inability of some T. vivax strains
to grow in mice. In these conditions, the results obtained in mice experiments are not
always applicable in ruminants. Serum trypanocide drug concentrations can be determined
by ELISA [52]. If the drug concentration in samples obtained from infected and treated
animals is above a pre-defined cut-off (ex. 0.4 ng/mL for isometamidium), drug resistance
is suspected [50]. From all the above, it is urgent to overcome the roadblock holding back
the development of molecular tests seeking resistance-related genes among Trypanosoma
spp. responsible for AAT. These tools are urgently necessary for feasible and cost-effective
identification of drug-resistant parasites. The most used drugs to prevent and to treat AAT
refer to four classes of compounds: phenanthridine, aminoquinalidine, diamidine, and
melaminophenyl arsenical.

Table 2. Drugs in current treatment for Animal African Trypanosomiasis (AAT).

Drugs in Current Treatment for AAT  Trypanosome Species Target Animal Species Applicability
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4.1. Phenanthridine (Homidium (or Ethidium Bromide), Isometamidium Chloride)

Homidium (or ethidium bromide) (Table 2) is a phenylphenanthridinium compound
used in the management of AAT caused by T. congolense and T. vivax in large animals [53].
It was launched as an advancement over earlier phenanthridine-based trypanocidal agents,
and it is also accessible as a chloride salt [54]. Treatment with homidium causes dyskine-
toplasty that was also observed in the case of administration of other phenanthridines
and diamidines. Genetic alterations are considered the general mechanism responsible
for homidium trypanocidal effects. Homidium inhibits both kDNA and nuclear DNA
replication in T. b. [55]. This is correlated with its flat aromatic structure that can induce a
twisting and general alteration of the DNA double helix structure.

The isometamidium chloride formulations mainly include a mixture of four phenanthri-
dine compounds, namely: isometamidium chloride hydrochloride [8-(3-mamidinophenyl- 2-
triazeno)-3-amino-5-ethyl-6-chloride hydrochloride], [3-(3-m-amidinophenyl-2-phenylphenanth
ridinium chloride hydrochloride], the blue isomer [7-(mamidinophenyldiazo)-3,8-diamino-
5-ethyl-6 phenylphenanthridinium chloride hydrochloride], and the disubstituted com-
pound [3,8-di(3-m amidinophenyltriazeno)- 5-ethyl-6-phenylphenanthridinium chloride
dihydrochloride]. Isomethamidium can bind the kDNA with high affinity with an uncon-
ventional sideways geometry. The drug is preferentially accumulated in the mitochondrion
(gamma-subunit of ATPase). Mutation of the ATP synthase subunit is sufficient to cause
a substantial level of resistance. It is mainly prescribed to treat early infections caused
by T. congolense but is applicable to other Trypanosoma spp. [53]. It is administered by
deep intramuscular injection, often causing lesions at the injection site. Isometamidium
resistance has been associated with diminazene [50]. It is prescribed as curative in cattle
at lower rates (0.25-0.5 mg/kg) and used as a prophylactic at 1 mg/kg. These drugs
interacting with kDNA can also interact with human DNA and therefore can be potentially
carcinogenic [49]. Isometamidium cannot pass the BBB, so its use is limited to treat first
stage of infection. Recently, drug resistance was observed due to the alteration of the
transport mechanism through the P2 /TbAT1 transporter. This trypanocide is unsuccessful
in the treatment of Trypanosomiasis caused by T. b. evansi, hence it is less widely utilized
beyond sub-Saharan Africa.
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4.2. Aminoquinaldine (Quinapyramine)

Quinapyramine (Table 2) is a conjugated bi-cyclic quinoline bearing a positive charge at
neutral pH. This drug was first used in cattle to treat trypanosome infection until the 1970s,
then it was stopped due to the increase in widespread resistance, and finally reintroduced
again in 1984 to treat T. b. evansi in camels and horses [56]. The first prophylactic medication
for AAT was a combination of soluble sulphate and insoluble chloride salts of the drug.
The therapeutic regimen of 4-7 mg/kg of the drug showed either a prophylactic or curative
effect when used for four continuative months. Quinapyramine is unable to cross the
BBB, and the liver and the kidneys represent the main accumulation sites, where the high
drug levels remain elevated for weeks and can cause organ-specific toxicity. The specific
mechanism of action and resistance against the parasite remain unknown. It is reported that
quinapyramine can interfere with nucleic acid synthesis, cytoplasmatic ribosome inhibition
(Figure 3), changes in the potential of mitochondrial membranes, and interference with the
entry of the trypanocides into the mitochondria itself [57].

4.3. Diamidine (Diminazene)

Diminazene (Table 2) is an aromatic diamidine consisting of two amidinophenyl
moieties linked by a triazene bridge. It is marketed as a diaceturate salt. It is the most
widely used therapeutic agent for Trypanosomiasis in domestic livestock, as it has a higher
therapeutic index in most livestock species compared to other trypanocides. It shows a
low rate of acquired resistance, but some strains of T. congolense and T. vivax could have
developed resistance mechanisms as a consequence of bad therapy management [53]. Due
to its activity against both T. congolense and T. vivax, it is the most used trypanocide in
cattle, sheep, and goats infections. It is a curative agent, not a prophylactic one, and
it is rapidly metabolized and excreted. The treatment consists in a dose of 3.5 mg/Kg
for T. congolense and T. vivax infections and a dose of 7 mg/Kg for T. brucei infections
administrated intramuscularly or subcutaneously. The higher value for T. brucei is probably
due to its wider tissue distribution. Diminazene enters the trypanosome through the
TbAT1/P2 transporters (Figure 3). It can bind the minor groove of DNA in AT-rich sites,
causing replication inhibition and kDNA loss, which may be exacerbated by an inhibitory
effect on mitochondrial type II topoisomerase (Figure 3) [58]. The compound interferes
with the potential of the mitochondrial membrane. It alters the host immune response by
reducing pro-inflammatory cytokines and excessive immunological activation. Diminazene
uptake needs P2 and TbAQP2/3 transporters to cross cell membranes. It cannot cross
the BBB and therefore it is not useful in the second stage of the infection. Diminazene is
prescribed for HAT treatment despite its high toxicity. Drug resistance occurs due to loss of
P2 transporter efficacy encoded by the gene TbAT1, as well as deletion and rearrangements
of ThAQP2/3 genes.

4.4. Melaminophenyl Arsenical

Melarsomine dihydrochloride (Table 2) is a bis (aminoethylthio) 4-melamino- pheny-
larsine dihydrochloride showing a different profile with respect to melarsoprol. The
melarsen oxide, its active metabolite, penetrates T. b. cells via the P2/ TbAT1 adenosine
nucleoside transporter and TbAQP2 transporters (Figura 3). The mechanism of action
of arsenical drugs includes alterations in glucose uptake and metabolism, inhibition of
glutathione reductase, and alterations of the structure and function of the parasite intestinal
epithelium [59]. Administered at a dosage of 0.25 and 0.5 mg/kg, it has been successful in
horses with acute and chronic dourine. Melarsomine shows low selectivity for the parasite
and significant toxicity. The most important target identified is the parasitic adenosine
nucleotide transporter; therefore, the specificity of the treatment for AAT with respect to
HAT should rely on different schedules or pharmaceutical approaches and monitoring of
drug resistance to preserve the drug efficacy [60].
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4.5. Suramin

Suramin is the oldest trypanocide still in routine veterinary use, introduced in 1921
against “surra” in camels and now employed against “surra” or equine Trypanosomiasis by
T. b. evansi, because it is more effective than diminazene and less toxic than quinapyramine.
The treatment requires 10 mg/Kg intravenously; intramuscular administration is avoided
because it causes intense local irritation. It is a curative and prophylactic drug active
primarily against T. b. gambiense and T. b. rhodesiense. If complexed with antrycide dimethyl
sulphate, suramin is also active against T. vivax and T. congolense [22]. Suramin is not able
to cross the BBB, but it binds to circulating proteins and cytosolic trypanosome enzymes
by electrostatic interaction. Its mechanism of action has not been determined yet, but it is
suggested to decrease the glycolytic ATP production in T. brucei, by inhibiting glycerol-3-
phospate dehydrogenase (GDPH) of the mitochondrial phosphorylation pathway (Figure 3).
Many targets were proposed, including the enzymes 6-phosphogluconate dehydrogenase,
other enzymes of the pentose phosphate pathway, and Ca?* channels. They can be involved
in the mechanism of parasite death. The inhibiting uptake of suramin is sufficient to induce
parasite resistance to the drug [61,62].
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Figure 3. Drugs used to treat AAT and their mechanisms of action are illustrated. The different
targets and transporters are reported [41-46,63-65]. Created with Biorender.com, agreement number
SY23SM5AX6 13 April 2022.

5. Recent Clinical Candidate Drugs for HAT

Over the years, HAT clinical therapies have relied on the administration of drugs
associated with severe side effects, toxicity, difficult administration, low availability, and
high cost [8]. The ideal drug against Trypanosoma spp. infections should be possibly
active against all parasite subspecies and effective in disease stages. It should have low
toxicity compared to the available treatment options and it should be suitable for oral
administration to achieve better availability and increase treatment effectiveness. These
limitations have prompted the search for alternative active substances (such as those of



Microorganisms 2022, 10, 1298

14 of 24

natural origin) for the management of HAT [53]. The pipeline of clinical candidates is very
limited. As reported above, the most important drug introduced in therapy recently is
fexinidazole. This oral drug, showing equal efficacy and safety, could have replaced NECT.
A phase III trial including a vulnerable patient population initiated in November 2016 and
completed in March 2020 did not disclose the outcome of the study [66]. Only two other
candidates are described, parafuramidine and acoziborole, which show a different profile
and outcome.

5.1. Parafuramidine

DB289 (Table 3), the methoxy product of furamidine (2,5-bis(4-amidinophenyl)-furan)
in which the benzamidine moieties are linked through a furan ring, emerged as the lead
compound for progression towards clinical studies. Furamidine is highly polar and un-
able to cross lipid bilayers without transporters. Parafuramidine, however, its N-oxime
derivative, has much greater capacity to diffuse across membranes, including the intestinal
epithelium, providing considerable oral bioavailability [67]. Once systemic, it is metabo-
lized by various cytochrome P450 enzymes and cytochrome b5 reductase to furamidine
(DB75) [68]. The drug was first employed in HIV treatments as an orphan drug (FDA)
and reached clinical trials as an antiparasitic agent. Assessments were halted in 2008 due
to the appearance of renal toxicity during extended phase I safety profile studies. The
aza-derivatives of DB75, including DB868, a prodrug of DB829, and DB844, a prodrug of
DB820, also showed activity against stage 2 disease, but development was interrupted
after the identification of the toxicity associated with parafuramidine metabolites [69].
Despite the fact that the development was interrupted, the toxicity can be modulated with
additional medicinal chemistry elaboration, and some studies are ongoing in this direction.
Most likely, the development of the core diamidine scaffold will continue towards active
and less toxic compounds.

Table 3. Parafuramidine and aza-derivatives in which the colored atoms indicate the structural
changes with respect to the drug of reference.
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[\ p I\
N~ NH
H,oN NH, H,N NH,

Parafuramidine (DB289) Furamidine (DB75)
|\ |\
N / N
NNl o N~o HN o NH
) m / A
H,N NH, HoN NH,
DB844 DB20
|\ ~ [\ ~
N V4 N
N o N~ 0 \ NH
- m S ) )
HoN NH, HoN NH,

DB868 DB829

5.2. Acoziborole

Acoziborole (SCYX-7158) is used as a single dose oral cure for stage 2 HAT. Benzox-
aboroles are a class of molecules characterized by a core scaffold based on an oxaborole
heterocycle fused to a benzene ring. Activity against trypanosomes was first reported in
2010, after the scaffold entered preclinical studies, and DNDi (the Drugs for Neglected
Disease initiative) selected this class for further work. One of the impressive properties
of this compound is its capacity to reach the CNS and retain trypanocide activity levels
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long enough to obtain a cure. Recent studies involving the development of a T. b. brucei
overexpression library with optimized genome coverage followed by a biological screen-
ing enabled the identification of the parasite mRNA processing endonuclease, and that
cleavage and polyadenylation specificity factor 3 (CPSF3) is the target of the promising
new class of benzoxaboroles [68]. Specifically, acoziborole (AN5568) is in clinical trials for
HAT and AN11736 for Nagana (for the treatment of AAT in early development studies).
Thus, it was shown that the trypanocidal activities of acoziborole (for HAT) and veterinary
AN11736 are attributed to the perturbation of the polyadenylation and trans-splicing activ-
ities enabled by the trypanosomal enzyme CPSF3. The mentioned target was identified
through a wide omics study performed on a genome-scale gain-of-function library devel-
oped in trypanosomes [69]. Furthermore, metabolomic studies pointed to the perturbation
of S-adenosyl-L-methionine metabolism [70]. Its modest in vitro potency against T. b. (ICs
around 0.6 M) was offset by good in vivo pharmacokinetic properties, giving a 100% cure
in a mouse model of stage 2 disease following an oral dosing of 25 mg/kg once a day
for seven days [24]. Preclinical testing showed acceptable toxicity in mice or dogs with a
concentration of no observed adverse event limit (NOAEL) of 15 mg/kg. No modulation
of key proteins (CYP450), serine/cysteine peptidase, or hERG channels emerged. Acozibo-
role was also non-mutagenic in the Ames tests or standard mammalian cell genotoxicity
assays [71]. Hence, phase I clinical safety trials of acoziborole were developed in 2012 and
became the first new chemical entity resulting from DNDi’s program to enter clinical trials
for HAT. A phase I study that included 128 healthy male subjects of sub-Saharan African
origin was conducted in 2015 in France to assess safety, tolerability, pharmacokinetics, and
pharmacodynamics after single oral, ascending doses [18]. Some adverse effects were noted
but not severe, and the trial led to the selection of the 960 mg dose, given as a single admin-
istration in three tablets (320 mg each). Outputs from the phase I study were satisfactory to
start the phase II/11I trials in Africa in 2016 [72]. Early indications (unpublished) suggest
remarkable efficacy and safety profiles.

6. Recent Pharmaceutical Discovery and Development against
African Trypanosomiasis

The search for new drug candidates with application in the field of parasitology is still
very difficult compared to other diseases. The reasons are to be found in the scarcity of
dedicated research funds and the lack of interest on the part of pharmaceutical giants to
invest in the face of limited revenues. However, several research groups and institutions are
actively working to try to meet this need. The current focus of research is the development
of new hits/leads towards biological targets divergent from those present in eukaryotic
host cells. This approach should reduce toxicity by favoring species specificity. Below, we
report some of the most recent and promising hits/leads for the development of new, more
effective, and safer drugs for the treatment of HAT and AAT.

6.1. Nucleoside Analogues

Protozoan parasites, in contrast with their mammalian hosts, are not able to synthesize
the essential purine nucleosides de novo for their survival. Hence, these parasites have
developed a set of purine salvage enzymes that facilitate the acquisition of purines from
their host [73,74]. This observation renders the synthesis of purine nucleoside analogues as
potential antitrypanosomal agents a very appealing strategy. Indeed, this approach has
yielded a series of very promising compounds such as tubercidin [75], cordycepin [76,77],
and formycin B [78] (Table 4).
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Table 4. Recent pharmaceutical discoveries against African Trypanosomiasis (HAT and AAT).

Recent Pharmaceutical Discovery for the Treatment of HAT and AAT
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Tubercidin is a nucleoside antibiotic with very good antiparasitic activity; however,
it is highly toxic to mammalian cells. In an effort to improve the activity and reduce
the toxicity, Hulpia et al. synthesized and tested in vitro a series of modified tubercidin
analogues bearing phenyl groups of various electron density at the C-7 position [79]. Finally,
the replacement of the phenyl ring by a pyridine ring led to compound 1, which showed
nanomolar potency in vitro and reduced toxicity, but it was also accompanied by poor
metabolic stability. The same research group expanded their studies by combining the
scaffolds of tubercidin and cordycepin. These hybrids showed even better antitrypanosomal
activity, and especially analogue 2 is considered a very potent and orally bioavailable lead
compound [80]. In general, nucleoside analogues can offer an additional advantage in
terms of biological activity. Analogue 2 can penetrate the BBB and thus it can be more
potent for the treatment of late-stage HAT.
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6.2. New Molecules from Structure-Based Drug Design (SBDD)

Blaazar et al. reported a series of tetrahydrophthalazinone derivatives as inhibitors
of the T. b. 3/,5'-cyclic nucleotide phosphodiesterases B1 (TbrPDEB1), cyclic AMP-specific
PDEs, providing useful structure-activity relationship (SAR) studies for further optimiza-
tion of parasitic PDE-specific inhibitors [81]. Virtual screening and structure-based de-
sign led to the identification of novel diarylether substituted tetrahydrophthalazinones
as TbPDEB1 enzyme inhibitors with an IC50 lower than 1 uM in vitro against T. bi par-
asites and selectivity more than 30-fold with respect to the human PDE4 (Table 4) [81].
Poehner et al., taking advantage of a fragment-based drug design approach, synthetic
elaboration, and crystallographic structure determination, reported a series of pteridine
derivatives showing a sub-nanomolar inhibition constant (Ki) of T. brucei pteridine reduc-
tase 1 (TbPTR1), selective inhibition of Tb dihydrofolate reductase (TbDHFR) over human
dihydrofolate reductase (hDHFR), and micromolar EC50 against T. b. (Table 4). This work
provides the basis for the optimization of this series of compounds to be developed for
in vivo studies [82]. Furthermore, after the discovery of a new first series of pyrazole sul-
fonamide able to inhibit T.b. N-myristoil transferase (ITbNMT), this ubiquitarian parasitic
enzyme was validated as a promising target for drug discovery with a co-crystallization
between DDD85646 and NMT [83]. An additional ligand-based drug design from Spinks
et al. led to the discovery of two new scaffolds able to target TbONMT, 2,3-arysubstituted thi-
azolidinones and N-alkyl benzomorpholinone, both accommodating in the same allosteric
pocket as DDD85646 [84]. The most active hit of the former class has an IC50 of 22 uM on
TbNMT, but a comparable selectivity index on the human enzyme isoform. On the other
hand, N-alkyl benzomorpholinones target the parasite enzyme in a more specific manner
(IC50 on hANMT > 100 uM) and demonstrate a low-micromolar IC50 if the core structure
is properly functionalized. Furthermore, a combination of a methyl-isoxazole on the ben-
zomorpholinones nitrogen and a long alkyl chain on the benzyl ring, terminating with a
cyclic tertiary amine, allowed to achieve a nanomolar potency (IC50 <2 nM, EC50 < 10 nM).
This work laid the foundation for the synthesis of selective lead compounds with potent
antiparasitic effects ready for a stage 2 in vivo efficacy study [84] (Table 4).

6.3. Chemotypes Derived from High-Throughput Screening (HTS)

Benzoxazepinoindazoles are a class of compounds which emerged as potent antitry-
panosomal agents upon a HTS of human kinase inhibitors against T. brucei. After extensive
SAR studies, compound 3 showed excellent activity, a favorable pharmacokinetic (PK)
profile, and very good selectivity [85]. Thus, its activity was further evaluated in vivo.
Compound 3 was able to cure the 60% of mice in a systemic model of HAT, and it can suc-
cessfully cross the BBB. However, it was unable to clear parasitemia in a CNS model of the
disease. Following the same approach, diaminopurines were also identified as compounds
with antitrypanosomal activity. Optimization of hit-compounds led to a new promising
entity with improved absorption, distribution, metabolism and excretion (ADME) proper-
ties (compound 4, Table 4) [86]. Compound 7-azaindole, is another scaffold that emerged
as a potent growth inhibitor of T. b. From a screening study of more than 40,000 kinase
inhibitors, 797 hits were obtained for further evaluation [85]. Among these hits, a series of
3,5-disubstituted-7-azindole compounds was found the most potent and developed in a
hit-to-lead optimization process. Analogue 5 was identified as a lead compound, exhibiting
sub-micromolar potency against T. b. accompanied by very good aqueous solubility and
high in vitro human liver microsome intrinsic clearance. Compound 5 was qualified for
in vivo PK studies, but unfortunately it showed low BBB penetration which is essential for
the treatment of stage 2 HAT.

7. Drug Resistance in T. brucei

Drug resistance in Trypanosoma is associated with genetic modifications that lead to
changes in uptake, efflux, metabolism, and target interactions (Figures 2 and 3). This leads to
a decrease in therapeutic potential of the drugs by an increase in the effective concentration
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required for achieving the trypanocidal concentrations [56]. The development of drug
resistance is associated with continuous exposure to sub-lethal concentrations of drugs. The
peculiarities of the drug used against AAT (and HAT to a lesser extent) potentiate resistance
development due to the existence of significant periods of the mentioned sub-lethal drug
concentrations in the body. These periods are potentiated by unrestricted large-scale use of
the drug, inaccurate dosing regimens, and use of drugs that are slowly eliminated from the
body. Drug-specific selection mechanisms normally follow the primary low impact generic
resistance mechanisms associated with increased stress responses [87]. When drug-specific
resistance events appear, the increase in the drug concentration will only lead to a greater
selective pressure resulting in higher levels of resistance. Data on AAT demonstrate that
about a decade of use of antimicrobials is sufficient to develop drug resistance [88]. The
most commonly known mechanisms of resistance in trypanosomes are associated with
impaired cross-membrane transport [60]. Isometamidium resistance is potentiated by
reduced immunity and is mostly associated with the decreased uptake of the drug through
still unknown mechanisms [89]. P2 aminopurine transporters encoded by TbAT1 are
associated with nifurtimox and diamidine (pentamidine and diminazene) resistance. Loss
of function of the invariant surface glycoprotein ISG75 is associated with suramin resistance.
The P2-purine transporter is associated with resistance to melarsoprol and diamidines
(pentamidine and diminazene). The aminoacidic transporter AAT6 is associated with
eflornithine resistance. Aquaglyceroporin 2 is associated with pentamidine and diminazene
resistance [60]. Efflux mechanisms such as the overexpression of P-glycoprotein efflux
pumps was also associated with melarsoprol resistance [90]. Resistance to isometamidium
might also be associated with active extrusion [91]. Non-transport-related drug resistance
mechanisms can be attributed to mutation in the F1Fo-ATO synthetase in dysninetoplastic
T.b. This enzyme is crucial in cellular energy interconversion. A proton gradient is necessary
during the process of the ATP synthesis to lead to significant resistance to isometamidium
and homidium [92]. Moreover, due to the development of resistant strains infecting both
humans and animals, it can be the cause of cross-resistance among different species other
than within the same species. In HAT management, drug-resistant T. b. rhodesiense has
a devastating impact on public health and compromises the control measures for this
parasite. Melarsoprol resistance and safety issues have led to 30% failure in HAT treatment.
Resistance to pentamidine has been reported, and more seriously, cross-resistance between
melarsoprol and pentamidine [17,37]. In addition to acquired drug resistance mechanisms,
T. b. rhodesiense appears to be naturally refractory to eflornithine. For AAT, the extensive use
of the limited drug option available is normally associated with overuse and under-dosage,
which has resulted in the establishment of drug resistance and even more seriously to
the advent of cross-resistance. The latest information from Africa reports endemic drug
resistance in 21 African nations [17].

Experimental studies on the effectiveness of ivermectin on T. b. brucei are being
carried out, aiming to find a therapeutical option to replace suramin, since ivermectin is
less toxic and orally bioavailable. Ivermectin is a semi-synthetic macrolide with effective
broad-spectrum antiparasitic activity. It is highly efficacious, acting robustly at low doses
against a wide variety of nematode, insect, and acarine parasites. Despite being registered
for human use since 1987, ivermectin’s mechanisms of action are yet to be unveiled [10].
Ivermectin-resistant parasites appeared in treated animals, as well as in ectoparasites, such
as copepods parasitizing salmon in fish granges, but drug resistance was not observed
in the parasite infecting the human populations, at least in those patients who have been
taking ivermectin as a monotherapy for over 30 years [21].

8. Surveillance and Disease Control Measures: Targets for African Trypanosomiasis
Elimination under One Health Umbrella

An effective and sustainable control of African Trypanosomiasis will be directly re-
flected on agricultural development and veterinary and public health, therefore contribut-
ing to poverty alleviation and population wellbeing. Animal health, public health, and
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economic needs sustain the urge to control Trypanosomiasis in sub-Saharan Africa. Since
treatment of AAT reduces the animal reservoirs of zoonotic vector-borne Trypanosoma
spp-, One Health programs must serve as foundations for HAT elimination. Therefore,
all the players involved in the epidemiologic scenario must be considered in the HAT
elimination programs [93]. As a clear indication of the correlation between HAT and AAT
infections, it was shown that trypanocidal treatment of cattle decreases the human cases
due to T. rhodesiense [94]. Control of parasite transmission is the key point for HAT and
AAT management. Since multi-factorial conditions participate in the life cycle of this
arthropod-borne zoonotic parasitic disease, disease prevention and treatment must con-
sider the pathogenicity of the infecting Trypanosome spp., infection of animal hosts, vectors
of transmission, human infection, and the environment. In this context, responsible and
long-lasting actions must be thoughtfully and scientifically drawn under the One Health
framework to protect the health and integrity of wildlife, environment, animal, and human
health, under transparent interdisciplinary policies. Good examples of effective disease
control policies come from Togo and Céte d’Ivoire, who eliminated HAT as a public health
problem since 2020. The reduction in the incidence of human infection in endemic areas,
limiting the burden of the human reservoir, resulted from an active case detection in villages
at risk and vector control. Patients presenting clinical signs of illness had a diagnosis sup-
ported by laboratory tests, allowing an accurate case detection and the implementation of
adequate curative treatments. Upon control of the disease incidence, surveillance sentinel
sites were implemented in the hospitals covering the main areas exposed to HAT [95].
The inability to diagnose cases of subclinical infection and asymptomatic carriers raises
concerns about the possibility to control the infection and must be addressed. Uganda is
two steps away from eliminating T. b. gambiense as a public health hazard after decades
of epidemics complicated by civil war. Over the last decade, confirmed cases of sleeping
sickness have sharply declined thanks to Uganda’s Ministry of Health Trypanosomiasis
Control Council (UTCC) and the efforts of international partners to engage other ministries
and the community in the implementation of control strategies. The success of this strategy
is largely attributed to the engagement of stakeholders and strategies including the use
of insecticides to treat cattle as live bait for tsetse, therefore breaking the transmission of
trypanosomes to both humans and animals [96]. This fine balance is at risk of disruption
with the influx of refugees from South Sudan, because in that country the transmission of
T. b. gambiense is still a problem [97].

Resistance to trypanocidals is becoming common, cross-resistance between classes
has been identified, and resistant trypanosomes may pass from animals to humans. Since
human-animal proximity increases the risk of spill over and crossing species barriers,
the interchange of Trypanosoma spp. between animals and humans must be carefully
monitored [71]. Part of the prevention measures to break the transmission pathway of
drug-resistant strains is to limit the application of specific antiprotozoals in animals, inde-
pendently from drugs to treat HAT.

Regarding vector control measures, both chemical (e.g., spraying insecticides on the
environment and animals) and biological interventions (e.g., deforestation and destruction
of tsetse natural habitats, trapping flies, wild animal elimination) and genetic control of
these flies (releasing sterile insects into the wild) have been attempted. The interventions
did not give effective results, and caused severe environmental consequences, besides the
selection of insecticide-resistant tsetse flies [6]. At the moment, there are no reliable and
environmentally safe options for tsetse control. Control measures targeting AAT have
been based on chemoprophylaxis, which is most of the time inaccessible to resource-poor
smallholder livestock keepers. Devastating consequences have surged over the last decades
from the misuse and abuse of veterinary trypanocidal agents in animals. This common
practice caused the rise of drug-resistant parasites [49]. Certain African livestock breeds
present an immune-tolerant phenotype towards some Trypanosome species, for which the
underlying mechanisms are yet to be discovered. Genetic combinations among different
breeds and the introduction of trypanotolerant phenotypes may result in a balance be-
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tween productivity and resistance to Trypanosomiasis, leading to a sustainable production
and economical benefit [6]. From the above, programs aiming at the interruption of the
zoonotic Trypanosoma spp. life cycle must prioritize collaboration and coordination of
efforts at national, provincial, and district levels to integrate human health and veterinary
and agricultural sectors together with wildlife and natural resources advocates, epidemiol-
ogists, policy makers, researchers, the pharmaceutical industry, and all those involved in
epidemic preparedness. A framework must be designed in order to achieve: (i) depletion
of parasite reservoirs through active case detection (serological screening) and treatment
of the infected humans and domestic animals; (ii) ensure the best available treatment is
employed and is adequate for the disease stage; (iii) reduction in the tsetse fly population
and human and animal contact with tsetse flies by protecting population health vulnera-
bilities; (iv) reduction in human-wildlife and livestock—wildlife contact; (v) detection of
both human and animal cases; (vi) development of effective communication strategies
between all intervenors and implementation of guidelines and training opportunities for
health workers; (vii) translation of research findings to solutions in order to support the
development of new safer drugs for HAT and AAT prevention, more advanced treatments,
and field-friendly techniques for an early diagnosis [4]; and (viii) development of new
drugs with appropriate profiles. The overall impact of the drug manufacturing and waste
from hospital and livestock management should be considered and an appropriate effort to
reduce the impact of all waste water on the environment is needed. One should consider
a separate drug application on humans and animals. In particular, careful consideration
about which targets to select for the drug discovery programs, protein sequences, and
genetic studies is needed, to understand drug resistance development for the specific target
and susceptibility to mutations. An appropriate target product profile should be designed
to achieve a drug that is low cost, easy to manage, chemically stable, and selective for
a target population. This would prevent rapid drug resistance development and can be
effective in case of parasite transmission.

9. Conclusions

Both AAT and HAT control is deeply asymmetric among sub-Saharan African coun-
tries. Multiple factors and diverse reasons are responsible for different epidemiologic
scenarios. However, geopolitical conflicts, drought, agricultural massification, deforesta-
tion and human invasion of tsetse endemic sites, lack of sensitive diagnostic tools adequate
for field work and detection of subclinical infection, lack of control of AAT, reduced thera-
peutic options, and development of trypanosome drug-resistant strains, combined with
nonexistent or poorly designed surveillance strategies that are often not supported by One
Health principles and frameworks, leads to poor disease epidemics.

Re-emergence of HAT should be prevented by an integrated approach including: (i) an
effective surveillance of infection among wildlife, domestic animals, and humans; (ii) imple-
mentation of a vector surveillance system and control measures; (iii) implementation of an
effective system for disease notification in both animals and humans; (iv) implementation
of effective, sensitive, and fast diagnostic tools applicable to field conditions; (v) creation
of an effective network linking communication between stakeholders, medical and vet-
erinary departments, and government and policy makers; and, finally, investment in the
development of safer and more easily available HAT and AAT therapies and prophylactics.
Cooperation among different actors will make this approach feasible and sustainable.

Author Contributions: Conceptualization and methodology: M.P.C., A.C.-d.-S. and T.C.; investi-
gation, C.L., GM,, EV. and A.V,; writing—original draft preparation, C.L., GM., EV,, AV, N.S,,
A.C.-d.-S. and M.P.C,; visualization L.T.; writing—review and editing L.T., A.V,, N.S,, L.T.; CLL,,
G.EM., M.PC.,, A.C.-d.-S. and T.C. All authors have read and agreed to the published version of
the manuscript.



Microorganisms 2022, 10, 1298 21 of 24

Funding: This research was funded by the European Commission FP7-HEALTH-2013-INNOVATION.
New Medicine for Trypanosomatidic infections. Grant number 603240. C.L. was supported by
FCT through 2020.07306. BD. N.S. was supported by FCT in the framework of the Portuguese
funds through FCT—Fundagcao para a Ciéncia project POCI-01-0145-FEDER-031013 (PTDC/SAU-
PAR/31013/2017).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Masocha, W.; Kristensson, K. Human African Trypanosomiasis: How Do the Parasites Enter and Cause Dysfunctions of the
Nervous System in Murine Models? Brain Res. Bull. 2019, 145, 18-29. [CrossRef]

2. Black, SJ.; Seed, ].R.; Murphy, N.B. Innate and Acquired Resistance to African Trypanosomiasis. J. Parasitol. 2001, 87, 1. [CrossRef]

3.  WHO. Elimination of Human African Trypanosomiasis as Public Health Problem. Wkly. Epidemiol. Rec. 2021, 96, 176.

4. WHO. Human African Trypanosomiasis (Sleeping Sickness). Available online: https://www.who.int/data/gho/data/themes/
topics/human-african-trypanosomiasis (accessed on 8 March 2022).

5. Kasozi, K.I; Namayanja, M.; Gaithuma, A.K.; Mahero, M.; Matovu, E.; Yamagishi, J.; Sugimoto, C.; MacLeod, E. Prevalence of
hemoprotozoan parasites in small ruminants along a human-livestock-wildlife interface in western Uganda. Vet. Parasitol. Reg.
Stud. Rep. 2019, 17, 100309. [CrossRef]

6.  Yaro, M.; Munyard, K.A.; Stear, M.].; Groth, D.M. Combatting African Animal Trypanosomiasis (AAT) in Livestock: The Potential
Role of Trypanotolerance. Vet. Parasitol. 2016, 225, 43-52. [CrossRef]

7. Desquesnes, M.; Gonzatti, M.; Sazmand, A.; Thévenon, S.; Bossard, G.; Boulangé, A.; Gimonneau, G.; Truc, P; Herder, S.;
Ravel, S.; et al. A Review on the Diagnosis of Animal Trypanosomoses. Parasites Vectors 2022, 15, 64. [CrossRef]

8.  Isaac, C.; Ohiolei, ].A.; Ebhodaghe, F.; Igbinosa, I.B.; Eze, A.A. Animal African Trypanosomiasis in Nigeria: A Long Way from
Elimination/Eradication. Acta Trop. 2017, 176, 323-331. [CrossRef]

9. Biischer, P; Cecchi, G.; Jamonneau, V.; Priotto, G. Human African Trypanosomiasis. Lancet 2017, 390, 2397-2409. [CrossRef]

10. Kennedy, P.G.E.; Rodgers, J. Clinical and Neuropathogenetic Aspects of Human African Trypanosomiasis. Front. Immunol. 2019,
10, 39. [CrossRef]

11.  WHO. Number of New Reported Cases of Human African Trypanosomiasis (T. b. rhodesiense). Available online: https://www.who.
int/data/gho/data/indicators/indicator-details/ gho/number-of-new-reported-cases-of-human-african-trypanosomiasis-(t-b-
rhodesiense) (accessed on 25 March 2022).

12.  Pays, E.; Nolan, D.P. Genetic and Immunological Basis of Human African Trypanosomiasis. Curr. Opin. Immunol. 2021, 72, 13-20.
[CrossRef]

13.  Udensi, U.K.; Fagbenro-Beyioku, A.F. Effect of Ivermectin on Trypanosoma brucei brucei in Experimentally Infected Mice. J. Vector
Borne Dis. 2012, 49, 143-150.

14.  Checchi, F; Felipe, ].A.N.; Haydon, D.T.; Chandramohan, D.; Chappuis, F. Estimates of the Duration of the Early and Late Stage
of Gambiense Sleeping Sickness. BMC Infect. Dis. 2008, 8, 16. [CrossRef]

15. CDC. Diseases: Neglected Tropical Diseases; Centers for Disease Control: Altanta, GA, USA, 2020. Available online: https://www.cdc.
gov/globalhealth /ntd/index.html (accessed on 30 March 2022).

16. European Medicine Agency (EMA); Committee for Veterinary Medicinal Products. Advice on the Designation of Antimicrobials or
Groups of Antimicrobials Reserved for Treatment of Certain Infections in Humans; EMA: Amsterdam, The Netherlands, 2022.

17. Chitanga, S.; Marcotty, T.; Namangala, B.; Van Den Bossche, P.; Van Den Abbeele, J.; Delespaux, V. High Prevalence of Drug
Resistance in Animal Trypanosomes without a History of Drug Exposure. PLoS Negl. Trop. Dis. 2011, 5, E1454. [CrossRef]

18. Dickie, E.; Giordani, E; Gould, M.K,; Méser, P,; Burri, C.; Mottram, J.C.; Rao, S.P.S.; Barrett, M.P. New Drugs for Human African
Trypanosomiasis: A Twenty First Century Success Story. Trop. Med. Infect. Dis. 2020, 5, 29. [CrossRef]

19. McCarthy, J.S.; Wortmann, G.W.; Kirchhoff, L.V. Drugs for Protozoal Infections other than Malaria. In Mandell, Douglas, and
Bennett’s Principles and Practice of Infectious Diseases; Bennett, J.E., Dolin, R., Blaser, M.]., Eds.; Elsevier: Amsterdam, The
Netherlands, 2020; Volume 42, pp. 535-543.€3.

20. Thomas, J.A.; Baker, N.; Hutchinson, S.; Dominicus, C.; Trenaman, A.; Glover, L.; Alsford, S.; Horn, D. Insights into Antitry-
panosomal Drug Mode-of-Action from Cytology-Based Profiling. PLoS Negl. Trop. Dis. 2018, 12, E0006980. [CrossRef]

21. Baker, N.; de Koning, H.P; Méser, P; Horn, D. Drug Resistance in African Trypanosomiasis: The Melarsoprol and Pentamidine
Story. Trends Parasitol. 2013, 29, 110-118. [CrossRef]

22. Gill, B.; Malhotra, M. Prophylactic Activity of Suramin Complexes in ‘Surra’ (Trypanosoma evansi). Nature 1963, 200, 285-286.
[CrossRef]

23.  Zoltner, M.; Campagnaro, G.D.; Taleva, G.; Burrell, A.; Cerone, M.; Leung, K.F,; Achcar, E; Horn, D.; Vaughan, S.; Gadelha, C.; et al.
Suramin Exposure Alters Cellular Metabolism and Mitochondrial Energy Production in African Trypanosomes. J. Biol. Chem.
2020, 295, 8331-8347. [CrossRef]

24. Li, M.; Gaussmann, S.; Tippler, B.; Ott, J.; Popowicz, G.M.; Schliebs, W.; Sattler, M.; Erdmann, R.; Kalel, V.C. Novel Trypanocidal

Inhibitors that Block Glycosome Biogenesis by Targeting PEX3-PEX19 Interaction. Front. Cell Dev. Biol. 2021, 9, 737159. [CrossRef]


http://doi.org/10.1016/j.brainresbull.2018.05.022
http://doi.org/10.1645/0022-3395(2001)087[0001:IAARTA]2.0.CO;2
https://www.who.int/data/gho/data/themes/topics/human-african-trypanosomiasis
https://www.who.int/data/gho/data/themes/topics/human-african-trypanosomiasis
http://doi.org/10.1016/j.vprsr.2019.100309
http://doi.org/10.1016/j.vetpar.2016.05.003
http://doi.org/10.1186/s13071-022-05190-1
http://doi.org/10.1016/j.actatropica.2017.08.032
http://doi.org/10.1016/S0140-6736(17)31510-6
http://doi.org/10.3389/fimmu.2019.00039
https://www.who.int/data/gho/data/indicators/indicator-details/gho/number-of-new-reported-cases-of-human-african-trypanosomiasis-(t-b-rhodesiense)
https://www.who.int/data/gho/data/indicators/indicator-details/gho/number-of-new-reported-cases-of-human-african-trypanosomiasis-(t-b-rhodesiense)
https://www.who.int/data/gho/data/indicators/indicator-details/gho/number-of-new-reported-cases-of-human-african-trypanosomiasis-(t-b-rhodesiense)
http://doi.org/10.1016/j.coi.2021.02.007
http://doi.org/10.1186/1471-2334-8-16
https://www.cdc.gov/globalhealth/ntd/index.html
https://www.cdc.gov/globalhealth/ntd/index.html
http://doi.org/10.1371/journal.pntd.0001454
http://doi.org/10.3390/tropicalmed5010029
http://doi.org/10.1371/journal.pntd.0006980
http://doi.org/10.1016/j.pt.2012.12.005
http://doi.org/10.1038/200285a0
http://doi.org/10.1074/jbc.RA120.012355
http://doi.org/10.3389/fcell.2021.737159

Microorganisms 2022, 10, 1298 22 of 24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Kennedy, P.G. The Continuing Problem of Human African Trypanosomiasis (Sleeping Sickness). Ann. Neurol. 2008, 64, 116-126.
[CrossRef]

Kennedy, P.G. Human African Trypanosomiasis of the CNS: Current Issues and Challenges. J. Clin. Investig. 2004, 113, 496-504.
[CrossRef]

Kennedy, P.G. Clinical Features, Diagnosis, and Treatment of Human African Trypanosomiasis (Sleeping Sickness). Lancet Neurol.
2013, 12, 186-194. [CrossRef]

Atouguia, ].L.M.; Kennedy, P.G. Neurological Aspects of Human African Trypanosomiasis. In Infectious Diseases of the Nervous
System; Davies, L.E., Kennedy, P.G.E., Eds.; Butterworth-Heinemann: Oxford, UK, 2000; pp. 321-372, ISBN 0750642130.
Babokhov, P; Sanyaolu, A.O.; Oyibo, W.A.; Fagbenro-Beyioku, A.F.; Iriemenam, N.C. A Current Analysis of Chemotherapy
Strategies for the Treatment of Human African Trypanosomiasis. Pathog. Glob. Health 2013, 107, 242-252. [CrossRef]

Bernhard, S.C.; Nerima, B.; Miser, P.; Brun, R. Melarsoprol- and Pentamidine-Resistant Trypanosoma brucei rhodesiense Populations
and Their Cross-Resistance. Int. ]. Parasitol. 2007, 37, 1443-1448. [CrossRef]

Wyllie, S.; Foth, B.J.; Kelner, A.; Sokolova, A.Y.; Berriman, M.; Fairlamb, A.H. Nitroheterocyclic Drug Resistance Mechanisms in
Trypanosoma brucei. |. Antimicrob. Chemother. 2016, 71, 625-634. [CrossRef]

Vincent, .M.; Creek, D.; Watson, D.G.; Kamleh, M.A.; Woods, D.J.; Wong, P.E.; Burchmore, R.J.; Barrett, M.P. A Molecular
Mechanism for Eflornithine Resistance in African Trypanosomes. PLoS Pathog. 2010, 6, E1001204. [CrossRef]

Priotto, G.; Pinoges, L.; Fursa, I.B.; Burke, B.; Nicolay, N.; Grillet, G.; Hewison, C.; Balasegaram, M. Safety and Effectiveness
of First Line Eflornithine for Trypanosoma brucei gambiense Sleeping Sickness in Sudan: Cohort Study. BM]J 2008, 336, 705-708.
[CrossRef]

Vazquez, K.; Paulino, M.; Salas, C.O.; Zarate-Ramos, ]J.J.; Vera, B.; Rivera, G. Trypanothione Reductase: A Target for the
Development of Anti-Trypanosoma cruzi Drugs. Mini-Rev. Med. Chem. 2017, 17, 939-946. [CrossRef]

Lindner, AK,; Lejon, V.; Chappuis, E; Seixas, ].; Kazumba, L.; Barrett, M.P.; Mwamba, E.; Erphas, O.; Akl E.A.; Villanueva, G.; et al.
New WHO guidelines for treatment of gambiense human African trypanosomiasis including fexinidazole: Substantial changes
for clinical practice. Lancet Infect. Dis. 2020, 20, e38—-e46. [CrossRef]

Mesu, V.K.B.K.; Kalonji, WM.; Bardonneau, C.; Mordt, O.V,; Blesson, S.; Simon, F.; Delhomme, S.; Bernhard, S.; Kuziena, W,;
Lubaki, J.F; et al. Oral fexinidazole for late-stage African Trypanosoma brucei gambiense trypanosomiasis: A pivotal multicentre,
randomised, non-inferiority trial. Lancet 2018, 391, 144-154. [CrossRef]

Pollastri, M.P. Fexinidazole: A New Drug for African Sleeping Sickness on the Horizon. Trends Parasitol. 2018, 34, 178-179.
[CrossRef] [PubMed]

Efficacy and Safety of Fexinidazole in Patients with Stage 1 or Early Stage 2 Human African Trypanosomiasis (HAT) Due
to T. b. gambiense: A Prospective, Multicentre, Open-Label Cohort Study, Plug-in to the Pivotal Study. Available online:
https://clinicaltrials.gov/ct2 /show /NCT02169557 (accessed on 20 April 2022).

Deeks, E.D. Fexinidazole: First Global Approval. Drugs 2019, 79, 215-220. [CrossRef] [PubMed]

Torreele, E.; Trunz, B.B.; Tweats, D.; Kaiser, M.; Brun, R.; Mazué, G.; Bray, M.A.; Pécoul, B. Fexinidazole: A New Oral
Nitroimidazole Drug Candidate Entering Clinical Development for the Treatment of Sleeping Sickness. PLoS Negl. Trop. Dis.
2010, 4, E923. [CrossRef] [PubMed]

Mandal, G.; Orta, J.F.; Sharma, M.; Mukhopadhyay, R. Trypanosomatid Aquaporins: Roles in Physiology and Drug Response.
Diseases 2014, 2, 3-23. [CrossRef]

De Koning, P.H. The Drugs of Sleeping Sickness: Their Mechanisms of Action and Resistance, and a Brief History. Trop. Med.
Infect. Dis. 2020, 5, 14. [CrossRef]

Zoltner, M.; Horn, D.; De Koning, H.P; Field, M.C. Exploiting the Achilles” Heel of Membrane Trafficking in Trypanosomes. Curr.
Opin. Microbiol. 2016, 34, 97-103. [CrossRef]

De Koning, H.P. Uptake of Pentamidine in Trypanosoma brucei brucei Is Mediated by Three Distinct Transporters: Implications for
Cross-Resistance with Arsenicals. Mol. Pharmacol. 2001, 59, 586-592. [CrossRef]

Munday, J.C.; Eze, A.A.; Baker, N.; Glover, L.; Clucas, C.; Andrés, D.A.; Natto, M.].; Teka, I.A.; McDonald, J.; Lee, R.S.; et al.
Trypanosoma brucei aquaglyceroporin 2 is a high-affinity transporter for pentamidine and melaminophenyl arsenic drugs and the
main genetic determinant of resistance to these drugs. J. Antimicrob. Chemother. 2014, 69, 651-663. [CrossRef]

Kazibwe, A.J.; Nerima, B.; de Koning, H.P.; Méser, P.; Barrett, M.P.; Matovu, E. Genotypic status of the TbAT1/P2 adenosine
transporter of Trypanosoma brucei gambiense isolates from Northwestern Uganda following melarsoprol withdrawal. PLoS Negl.
Trop. Dis. 2009, 3, €523. [CrossRef]

Franco, ].R.; Cecchi, G.; Priotto, G.; Paone, M.; Diarra, A.; Grout, L.; Simarro, PP,; Zhao, W.; Argaw, D. Monitoring the Elimination
of Human African Trypanosomiasis: Update to 2016. PLoS Negl. Trop. Dis. 2018, 12, E0006890. [CrossRef]

Franco, J.R.; Simarro, P.P.; Diarra, A.; Jannin, ].G. Epidemiology of Human African Trypanosomiasis. Clin. Epidemiol. 2014, 6,
257-275. [CrossRef] [PubMed]

FAO. African Animal Trypanosomiasis. Available online: https:/ /www.fao.org/3/ah809e/ah809e02.htm (accessed on 25 March 2022).
Richards, S.; Morrison, L.J.; Torr, S.J.; Barrett, M.P.; Manangwa, O.; Mramba, F.; Auty, H. Pharma to Farmer: Field Challenges of
Optimizing Trypanocide Use in African Animal Trypanosomiasis. Trends Parasitol. 2021, 37, 831-843. [CrossRef] [PubMed]


http://doi.org/10.1002/ana.21429
http://doi.org/10.1172/JCI200421052
http://doi.org/10.1016/S1474-4422(12)70296-X
http://doi.org/10.1179/2047773213Y.0000000105
http://doi.org/10.1016/j.ijpara.2007.05.007
http://doi.org/10.1093/jac/dkv376
http://doi.org/10.1371/journal.ppat.1001204
http://doi.org/10.1136/bmj.39485.592674.BE
http://doi.org/10.2174/1389557517666170315145410
http://doi.org/10.1016/S1473-3099(19)30612-7
http://doi.org/10.1016/S0140-6736(17)32758-7
http://doi.org/10.1016/j.pt.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29275007
https://clinicaltrials.gov/ct2/show/NCT02169557
http://doi.org/10.1007/s40265-019-1051-6
http://www.ncbi.nlm.nih.gov/pubmed/30635838
http://doi.org/10.1371/journal.pntd.0000923
http://www.ncbi.nlm.nih.gov/pubmed/21200426
http://doi.org/10.3390/diseases2010003
http://doi.org/10.3390/tropicalmed5010014
http://doi.org/10.1016/j.mib.2016.08.005
http://doi.org/10.1124/mol.59.3.586
http://doi.org/10.1093/jac/dkt442
http://doi.org/10.1371/journal.pntd.0000523
http://doi.org/10.1371/journal.pntd.0006890
http://doi.org/10.2147/CLEP.S39728
http://www.ncbi.nlm.nih.gov/pubmed/25125985
https://www.fao.org/3/ah809e/ah809e02.htm
http://doi.org/10.1016/j.pt.2021.04.007
http://www.ncbi.nlm.nih.gov/pubmed/33962879

Microorganisms 2022, 10, 1298 23 of 24

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Arnold, M.S.; Engel, J.A.; Chua, M.].; Fisher, G.M.; Skinner-Adams, T.S.; Andrews, K.T. Adaptation of the [3H]Hypoxanthine
Uptake Assay for In Vitro-Cultured Plasmodium knowlesi Malaria Parasites. Antimicrob. Agents Chemother. 2016, 60, 4361-4363.
[CrossRef]

Eisler, M.C,; Stevenson, P; Munga, L.; Smyth, ].B. Concentrations of Isometamidium Chloride (Samorin) in Sera of Zebu Cattle
which Showed Evidence of Hepatotoxicity Following Frequent Trypanocidal Treatments. J. Vet. Pharmacol. Ther. 1997, 20, 173-180.
[CrossRef] [PubMed]

Assefa, S.; Shibeshi, W. Drug Resistance in African Animal Trypanosomes: A Review. Afr. J. Microbiol. Res. 2018, 12, 380-386.
[CrossRef]

Wainwright, M. Dyes, Trypanosomiasis and DNA: A Historical and Critical Review. Biotech. Histochem. 2010, 85, 341-354.
[CrossRef]

Chowdhury, R.A.; Bakshi, R.; Wang, J.; Yildirir, G.; Liu, B.; Pappas-Brown, V.; Tolun, G.; Griffith, ].D.; Shapiro, T.A.; Jensen, R.E.; et al.
The Killing of African Trypanosomes by Ethidium Bromide. PLoS Pathog. 2010, 6, E1001226. [CrossRef]

Biischer, P.; Gonzatti, M.I.; Hébert, L.; Inoue, N.; Pascucci, I.; Schnaufer, A.; Suganuma, K.; Touratier, L.; Van Reet, N. Equine
Trypanosomosis: Enigmas and Diagnostic Challenges. Parasites Vectors 2019, 12, 234. [CrossRef]

Giordani, F.; Morrison, L.J.; Rowan, T.G.; de Koning, H.P,; Barrett, M.P. The Animal Trypanosomiases and Their Chemotherapy:
A Review. Parasitology 2016, 143, 1862-1889. [CrossRef]

Kuriakose, S.; Muleme, H.; Onyilagha, C.; Okeke, E.; Uzonna, J.E. Diminazene Aceturate (Berenil) Modulates LPS Induced
pro-Inflammatory Cytokine Production by Inhibiting Phosphorylation of MAPKs and STAT Proteins. Innate Immun. 2014, 20,
760-773. [CrossRef]

Raynaud, J.P. Thiacetarsamide (Adulticide) versus Melarsomine (RM340) Developed as Macrofilaricide (Adulticide and Larvicide)
to Cure Canine Heartworm Infection in Dogs. Ann. Rech. Vet. 1992, 23, 1-25. [PubMed]

Kazosi, K.I; MacLeod, E.T.; Ntulume, I.; Welburn, S.C. An Update on African Trypanocide Pharmaceutics and Resistance.
Front. Vet. Sci. 2022, 9, 828111. [CrossRef]

Moore, T.A. 246e: Agents Used to Treat Parasitic Infections. In Harrison’s Principles of Internal Medicine, 19th ed.; Kasper, D., Fauci,
A., Hauser, S., Longo, D., Jameson, J.L., Loscalzo, ]., Eds.; McGraw-Hill: New York, NY, USA, 2014.

Abbracchio, M.P; Burnstock, G.; Boeynaems, ].M.; Barnard, E.A.; Boyer, ].L.; Kennedy, C.; Knight, G.E.; Fumagalli, M.; Gachet, G.;
Jacobson, K.A.; et al. International Union of Pharmacology LVIII: Update on the P2Y G Protein-Coupled Nucleotide Receptor:
From molecular mechanisms and pathophysiology to therapy. Pharmacol. Rev. 2006, 58, 281-341. [CrossRef]

Stewart, M.L.; Bueno, G.J.; Baliani, A.; Klenke, B.; Brun, R.; Brock, ].M.; Gilbert, I.H.; Barrett, M.P. Trypanocidal Activity of
Melamine Based Nitroheterocycles. Antimicrob. Agents Chemother. 2004, 48, 1733-1738. [CrossRef] [PubMed]

Barrett, M.P.,; Vincent, LM.; Burchmore, R.J.; Kazibwe, A ]J.; Matovu, E. Drug Resistance in Human African Trypanosomiasis.
Future Microbiol. 2011, 6, 1037-1047. [CrossRef]

Alsford, S.; Eckert, S.; Baker, N.; Glover, L.; Sanchez-Flores, A.; Leung, K.E; Turner, D.J.; Field, M.C.; Berriman, M.; Horn, D.
High-Throughput Decoding of Antitrypanosomal Drug Efficacy and Resistance. Nature 2012, 482, 232-236. [CrossRef]

Wyllie, S.; Patterson, S.; Stojanovski, L.; Simeons, ER.C.; Norval, S.; Kime, R.; Read, K.D.; Fairlamb, A.H. The Anti-Trypanosome
Drug Fexinidazole Shows Potential for Treating Visceral Leishmaniasis. Sci. Transl. Med. 2012, 4, 119rel. [CrossRef]

Mdachi, R.E.; Thuita, ] K.; Kagira, ].M.; Ngotho, ].M.; Murilla, G.A.; Ndung'u, ].M.; Tidwell, R.R; Hall, ].E.; Brun, R. Efficacy of
the Novel Diamidine Compound 2,5-Bis(4-Amidinophenyl)- Furan-Bis-O-Methlylamidoxime (Pafuramidine, DB289) against
Trypanosoma brucei rhodesiense infection in vervet monkeys after oral administration. Antimicrob. Agents Chemother. 2009, 53,
953-957. [CrossRef]

Begolo, D.; Vincent, LM.; Giordani, F; Pohner, I; Witty, M.].; Rowan, T.G.; Bengaly, Z.; Gillingwater, K.; Freund, Y.; Wade, R.C,; et al.
The trypanocidal benzoxaborole AN7973 inhibits trypanosome mRNA processing. PLoS Pathog. 2018, 14, €1007315. [CrossRef]
Wall, J.R; Rico, E.; Lukac, I.; Zuccotto, E; Elg, S.; Gilbert, LH.; Freund, Y.; Alley, M.RK.; Field, M.C.; Wyllie, S.; et al. Clinical and
Veterinary Trypanocidal Benzoxaboroles Target CPSF3. Proc. Natl. Acad. Sci. USA 2018, 115, 9616-9621. [CrossRef]

Steketee, P.C.; Vincent, LM.; Achcar, F; Giordani, F.; Kim, D.H.; Creek, D.]J.; Freund, Y.; Jacobs, R.; Rattigan, K.; Horn, D.; et al.
Benzoxaborole Treatment Perturbs S-Adenosyl-L-Methionine Metabolism in Trypanosoma brucei. PLoS Negl. Trop. Dis. 2018,
12, €0006450. [CrossRef] [PubMed]

Kasozi, K.I; Zirintunda, G.; Ssempijja, F.; Buyinza, B.; Alzahrani, K.J.; Matama, K.; Nakimbugwe, H.N.; Alkazmi, L.M.; Onanyang, D.;
Bogere, P; et al. Epidemiology of Trypanosomiasis in Wildlife—Implications for Humans at the Wildlife Interface in Africa. Front.
Vet. Sci. 2021, 8, 621699. [CrossRef]

Safety and Tolerability Study of Acoziborole in G-HAT Seropositive Subjects. Available online: https://clinicaltrials.gov/ct2/show/
NCT05256017 (accessed on 4 April 2022).

Hammond, D.J.; Gutteridge, W.E. Purine and Pyrimidine Metabolism in the Trypanosomatidae. Mol. Biochem. Parasitol. 1984, 13,
243-261. [CrossRef]

Boitz, ].M.; Ullman, B.; Jardim, A.; Carter, N.S. Purine Salvage in Leishmania: Complex or Simple by Design? Trends Parasitol.
2012, 28, 345-352. [CrossRef]

Aoki, J.I; Coelho, A.C.; Muxel, S.M.; Zampieri, R.A.; Ramos Sanchez, E.M.; Nerland, A.H.; Floeter-Winter, L.M.; Cotrim, P.C.
Characterization of a Novel Endoplasmic Reticulum Protein Involved in Tubercidin Resistance in Leishmania major. PLoS Negl.
Trop. Dis. 2016, 10, e0004972. [CrossRef] [PubMed]


http://doi.org/10.1128/AAC.02948-15
http://doi.org/10.1111/j.1365-2885.1997.tb00092.x
http://www.ncbi.nlm.nih.gov/pubmed/9185082
http://doi.org/10.5897/AJMR2017.8754
http://doi.org/10.3109/10520290903297528
http://doi.org/10.1371/journal.ppat.1001226
http://doi.org/10.1186/s13071-019-3484-x
http://doi.org/10.1017/S0031182016001268
http://doi.org/10.1177/1753425913507488
http://www.ncbi.nlm.nih.gov/pubmed/1510336
http://doi.org/10.3389/fvets.2022.828111
http://doi.org/10.1124/pr.58.3.3
http://doi.org/10.1128/AAC.48.5.1733-1738.2004
http://www.ncbi.nlm.nih.gov/pubmed/15105128
http://doi.org/10.2217/fmb.11.88
http://doi.org/10.1038/nature10771
http://doi.org/10.1126/scitranslmed.3003326
http://doi.org/10.1128/AAC.00831-08
http://doi.org/10.1371/journal.ppat.1007315
http://doi.org/10.1073/pnas.1807915115
http://doi.org/10.1371/journal.pntd.0006450
http://www.ncbi.nlm.nih.gov/pubmed/29758036
http://doi.org/10.3389/fvets.2021.621699
https://clinicaltrials.gov/ct2/show/NCT05256017
https://clinicaltrials.gov/ct2/show/NCT05256017
http://doi.org/10.1016/0166-6851(84)90117-8
http://doi.org/10.1016/j.pt.2012.05.005
http://doi.org/10.1371/journal.pntd.0004972
http://www.ncbi.nlm.nih.gov/pubmed/27606425

Microorganisms 2022, 10, 1298 24 of 24

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Williamson, J. Cordycepin, an Antitumour Antibiotic with Trypanocidal Properties. Trans. R. Soc. Trop. Med. Hyg. 1966, 60, 8.
[CrossRef]

Vodnala, S.K.; Lundbéck, T.; Yeheskieli, E.; Sjoberg, B.; Gustavsson, A.-L.; Svensson, R.; Olivera, G.C.; Eze, A.A.; de Koning, H.P;
Hammarstrom, L.G.J.; et al. Structure—Activity Relationships of Synthetic Cordycepin Analogues as Experimental Therapeutics

for African trypanosomiasis. . Med. Chem. 2013, 56, 9861-9873. [CrossRef]

Pena, I.; Manzano, M.P,; Cantizani, J.; Kessler, A.; Alonso-Padilla, J.; Bardera, A.L; Alvarez, E.; Colmenarejo, G.; Cotillo, IL;
Roquero, I; et al. New compound sets identified from high throughput phenotypic screening against three kinetoplastid parasites:
An open resource. Sci. Rep. 2015, 5, 8771. [CrossRef]

Hulpia, F; Campagnaro, G.D.; Scortichini, M.; Van Hecke, K.; Maes, L.; de Koning, H.P; Caljon, G.; Van Calenbergh, S. Revisiting

Tubercidin against Kinetoplastid Parasites: Aromatic Substitutions at Position 7 Improve Activity and Reduce Toxicity. Eur. J.

Med. Chem. 2019, 164, 689-705. [CrossRef]

Hulpia, F; Mabille, D.; Campagnaro, G.D.; Schumann, G.; Maes, L.; Roditi, I.; Hofer, A.; de Koning, H.P.; Caljon, G.; Van

Calenbergh, S. Combining Tubercidin and Cordycepin Scaffolds Results in Highly Active Candidates to Treat Late-Stage Sleeping

Sickness. Nat. Commun. 2019, 10, 5564. [CrossRef]

Blaazer, A.R.; Singh, A.K.; de Heuvel, E.; Edink, E.; Orrling, K.M.; Veerman, J.].N.; Bergh, T.V.D; Jansen, C.; Balasubramaniam, E.;
Mooij, W].; et al. Targeting a subpocket in Trypanosoma brucei phosphodiesterase B1 (TbrPDEB1) enables the structure-based

discovery of selective inhibitors with trypanocidal activity. J. Med. Chem. 2018, 61, 3870-3888. [CrossRef] [PubMed]

Poehner, I.; Quotadamo, A.; Panecka-Hofman, J.; Luciani, R.; Santucci, M.; Linciano, P.; Landi, G.; di Pisa, E.; dello Iacono, L.;
Pozzi, C.; et al. Multitarget, Selective Compound Design Yields Picomolar Inhibitors of a Kinetoplastid Pteridine Reductase 1. J.

Med. Chem. 2022. [CrossRef] [PubMed]

Frearson, J.A.; Brand, S.; McElroy, S.P,; Cleghorn, L.A.T.; Smid, O.; Stojanovski, L.; Price, H.P.; Guther, M.L.S.; Torrie, L.S,;
Robinson, D.A.; et al. N-myristoyltransferase inhibitors as new leads to treat sleeping sickness. Nature 2010, 464, 728-732.
[CrossRef]

Spinks, D.; Smith, V.; Thompson, S.; Robinson, D.A.; Luksch, T.; Smith, A.; Torrie, L.S.; McElroy, S.; Stojanovski, L.; Norval, S.; et al.
Development of Small-Molecule Trypanosoma brucei N-Myristoyltransferase Inhibitors: Discovery and Optimisation of a Novel

Binding Mode. ChemMedChem 2015, 10, 1821-1836. [CrossRef] [PubMed]

Klug, D.M.; Mavrogiannaki, E.M.; Forbes, K.C,; Silva, L.; Diaz-Gonzalez, R.; Pérez-Moreno, G.; Ceballos-Pérez, G.; Garcia-Hernandez, R.;
Bosch-Navarrete, C.; Cordon-Obras, C.; et al. Lead Optimization of 3,5-Disubstituted-7-Azaindoles for the Treatment of Human

African Trypanosomiasis. J. Med. Chem. 2021, 64, 9404-9430. [CrossRef] [PubMed]

Singh, B.; Diaz-Gonzalez, R.; Ceballos-Perez, G.; Rojas-Barros, D.I.; Gunaganti, N.; Gillingwater, K.; Martinez-Martinez, M.S.;
Manzano, P.; Navarro, M.; Pollastri, M.P. Medicinal Chemistry Optimization of a Diaminopurine Chemotype: Toward a Lead for

Trypanosoma brucei Inhibitors. |. Med. Chem. 2020, 63, 9912-9927. [CrossRef] [PubMed]

Tassone, G.; Landi, G.; Linciano, P.; Francesconi, V.; Tonelli, M.; Tagliazucchi, L.; Costi, M.P.; Mangani, S.; Pozzi, C. Evidence

of Pyrimethamine and Cycloguanil Analogues as Dual Inhibitors of Trypanosoma brucei Pteridine Reductase and Dihydrofolate

Reductase. Pharmaceuticals 2021, 14, 636. [CrossRef]

Gashumba, ] K.; Komba, E.K,; Truc, P; Allingham, R M,; Ferris, V.; Godfrey, D.G. The Persistence of Genetic Homogeneity among

Trypanosoma brucei rhodesiense Isolates from Patients in North-West Tanzania. Acta Trop. 1994, 56, 341-348. [CrossRef]

Tihon, E.; Imamura, H.; Van Den Broeck, E; Vermeiren, L.; Dujardin, J.C.; Van Den Abbeele, ]. Genomic analysis of Isometamidium

Chloride resistance in Trypanosoma congolense. Int. J. Parasitol. Drugs Drug Resist. 2017, 7, 350-361. [CrossRef]

De Koning, H.P. Ever-Increasing Complexities of Diamidine and Arsenical Crossresistance in African Trypanosomes. Trends Parasitol.

2008, 24, 345-349. [CrossRef]

Wilkes, ].M.; Mulugeta, W.; Wells, C.; Peregrine, A.S. Modulation of Mitochondrial Electrical Potential: A Candidate Mechanism

for Drug Resistance in African Trypanosomes. Biochem. J. 1997, 326 Pt 3, 755-761. [CrossRef] [PubMed]

Dean, S.; Gould, M.K,; Dewar, C.E.; Schnaufer, A.C. Single Point Mutations in ATP Synthase Compensate for Mitochondrial

Genome Loss in Trypanosomes. Proc. Natl. Acad. Sci. USA 2013, 110, 14741-14746. [CrossRef] [PubMed]

Okello, A.L.; Bardosh, K.; Smith, ].; Welburn, S.C. One Health: Past Successes and Future Challenges in Three African Contexts.
PLoS Negl. Trop. Dis. 2014, 8, E2884. [CrossRef] [PubMed]

Hamill, L.; Picozzi, K.; Fyfe, ].; Von Wissmann, B.; Wastling, S.; Wardrop, N.; Selby, R.; Acup, C.A.; Bardosh, K.L.; Muhanguzi, D.; et al.
Evaluating the impact of targeting livestock for the prevention of human and animal trypanosomiasis, at village level, in districts

newly affected with T. b. rhodesiense in Uganda. Infect. Dis. Poverty 2017, 6, 16. [CrossRef] [PubMed]

WHO. Elimination of Human African Trypanosomiasis as Public Health Problem. Wkly. Epidemiol. Rec. 2021. Available online:

https:/ /www.cdc.gov /parasites/sleepingsickness/health_professionals/index.html#dx (accessed on 25 March 2022).

Waiswa, C.; Azuba, R.; Makeba, ]J.; Waiswa, I.C.; Wangoola, R.M. Experiences of the one-health approach by the Uganda

Trypanosomiasis Control Council and its secretariat in the control of zoonotic sleeping sickness in Uganda. Parasite Epidemiol.

Control 2020, 11, e00185. [CrossRef] [PubMed]

Picado, A.; Ndung'y, J. Elimination of Sleeping Sickness in Uganda Could Be Jeopardised by Conflict in South Sudan. Lancet

2017, 5, E28-E29. [CrossRef]


http://doi.org/10.1016/0035-9203(66)90146-5
http://doi.org/10.1021/jm401530a
http://doi.org/10.1038/srep08771
http://doi.org/10.1016/j.ejmech.2018.12.050
http://doi.org/10.1038/s41467-019-13522-6
http://doi.org/10.1021/acs.jmedchem.7b01670
http://www.ncbi.nlm.nih.gov/pubmed/29672041
http://doi.org/10.1021/acs.jmedchem.2c00232
http://www.ncbi.nlm.nih.gov/pubmed/35675511
http://doi.org/10.1038/nature08893
http://doi.org/10.1002/cmdc.201500301
http://www.ncbi.nlm.nih.gov/pubmed/26395087
http://doi.org/10.1021/acs.jmedchem.1c00674
http://www.ncbi.nlm.nih.gov/pubmed/34156862
http://doi.org/10.1021/acs.jmedchem.0c01017
http://www.ncbi.nlm.nih.gov/pubmed/32786222
http://doi.org/10.3390/ph14070636
http://doi.org/10.1016/0001-706X(94)90105-8
http://doi.org/10.1016/j.ijpddr.2017.10.002
http://doi.org/10.1016/j.pt.2008.04.006
http://doi.org/10.1042/bj3260755
http://www.ncbi.nlm.nih.gov/pubmed/9307025
http://doi.org/10.1073/pnas.1305404110
http://www.ncbi.nlm.nih.gov/pubmed/23959897
http://doi.org/10.1371/journal.pntd.0002884
http://www.ncbi.nlm.nih.gov/pubmed/24851901
http://doi.org/10.1186/s40249-016-0224-8
http://www.ncbi.nlm.nih.gov/pubmed/28162093
https://www.cdc.gov/parasites/sleepingsickness/health_professionals/index.html#dx
http://doi.org/10.1016/j.parepi.2020.e00185
http://www.ncbi.nlm.nih.gov/pubmed/33015381
http://doi.org/10.1016/S2214-109X(16)30288-1

	Epidemiology of African Trypanosomiasis 
	Human African Trypanosomiasis 
	Animal African Trypanosomiasis 

	The Disease 
	The Human Disease 
	The Animal Diseases 

	Current Treatments and Therapeutic Challenges for HAT 
	Pentamidine and Suramin 
	Melarsoprol 
	Eflornithine and NECT (Nifurtimox–Eflornithine Combination Therapy) 
	Nifurtimox (NFX) 
	Fexinidazole 

	Current Treatments and Therapeutic Challenges for AAT 
	Phenanthridine (Homidium (or Ethidium Bromide), Isometamidium Chloride) 
	Aminoquinaldine (Quinapyramine) 
	Diamidine (Diminazene) 
	Melaminophenyl Arsenical 
	Suramin 

	Recent Clinical Candidate Drugs for HAT 
	Parafuramidine 
	Acoziborole 

	Recent Pharmaceutical Discovery and Development against African Trypanosomiasis 
	Nucleoside Analogues 
	New Molecules from Structure-Based Drug Design (SBDD) 
	Chemotypes Derived from High-Throughput Screening (HTS) 

	Drug Resistance in T. brucei 
	Surveillance and Disease Control Measures: Targets for African Trypanosomiasis Elimination under One Health Umbrella 
	Conclusions 
	References

